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ABSTRACT 


The  effect  of  various  heat  treatments  and  low 
temperature  upon  the  elastic  moduli  and  elastic  limits 
of  beta-brass,  copper,  zinc,  aluminum  and  magnesium 
single  crystals  was  investigated.  The  experiment  indi¬ 
cated  that  after  heat  treatments  changes  occurred  in  the 
elastic  moduli  or  the  elastic  limit  for  all  crystals. 

In  some  of  the  crystals  both  quantities  showed  an  appre¬ 
ciable  change  after  heat  treatment.  The  beta-brass 
in  both  the  ordered  and  disordered  state  showed  an 
anomalous  Young's  modulus  temperature  variation.  The 
copper  crystal  after  being  annealed  at  500°  C  showed 
both  an  anomalous  Young's  and  torsion  modulus  temperature 
variation.  The  elastic  limit  was  found  to  be  considerably 
greater  at  liquid  nitrogen  temperature  for  all  the  cry¬ 
stals  with  the  exception  of  the  torsion  elastic  limit 
of  a.luminum,  and  appeared  to  be  affected  by  change 
in  temperature  to  a  greater  extent  than  the  elastic  moduli. 
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I  INTRODUCTION 


The  broad  purpose  of  the  research  was  to  investigate 
the  effects  of  various  heat  treatments  and  of  low  tempera¬ 
ture  upon  the  elastic  moduli  and  the  elastic  limits  of  beta- 
brass,  copper,  zinc,  aluminum  and  magnesium  in  the  form 
of  single  crystals.  Although  a  number  of  investigations 
have  been  carried  out  on  the  elastic  properties  of  single 
crystals,  very  little  if  anything  has  been  done  about  the 
effect  of  heat  treatments  upon  these  properties. 

The  lattice  structures  of  the  crystals  are  as  follows: 


face-centred  cubic 
face-centred  cubic 


Copper 

Aluminum 

Zinc 


hexagonal  close-packed 
hexagonal  close-packed 
body- centred  cubic 


Magnesium 
Beta- brass 


All  the  crystals  were  obtained  from  Horizons  Incorporated, 
in  the  form  of  rods  about  6  inches  long  by  about  1/8  inch 
diameter. 

The  structure  of  beta-brass  exhibits  a  striking  change 
in  going  from  high  to  low  temperatures.  At  temperatures 
above  480^  C  the  crystal  is  disordered,  with  the  cube-corner 
and  body-centre  positions  of  the  unit  cell  occupied  at  ran¬ 
dom  by  either  copper  or  zinc  atoms.  As  the  temperature  is 

reduced  through  480°  C,  it  begins  to  pass  into  an  ordered 

is 

state,  in  which  one  set  of  positions  occupied  by  copper 
atoms  ajid  the  other  by  zinc.  At  low  temperatures,  therefore, 
the  structure  is  better  described  as  consisting  of  two  inter¬ 
penetrating  simple  cubic  lattices,  one  of  copper  and  the 
other  of  zinc.  The  transition  is  continuous  with  decrease 
of  temperature,  and  is  not  complete  until  a  temperature  well 
below  480®  C  is  reached.  It  is  therefore  classed  as  a  trans¬ 
ition  of  the  second  order,  having  no  change  in  density  or 
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latent  heat,  but  only  a  maximum  of  the  specific  heat,  at  the 
traJisition  point. 

Research  on  the  elastic  properties  of  single  crystals 
began  around  1920.  Since  that  time  investigations  on  the 
behaviour  of  many  single  crystals  under  static  or  repeated 
stresses  have  been  pursued.  It  seems  appropriate  to  include 
here  some  of  the  research  done  in  the  past  on  the  crystals 
used  in  the  present  work  and  the  conclusions  reached  by  the 
workers,  since  a  member  of  the  conclusions  are  relevant  to  the 
present  work. 

Of  the  five  crystals  investigated  in  this  research, 
aluminum  has  been  studied  in  the  past  to  the  greatest  extent; 
and  was  one  of  the  first  single  crystals  to  be  investigated. 
However,  most  of  the  work  concerns  the  manner  of  deformation 
when  a  crystal  is  distorted  beyond  its  elastic  limit,  and 
the  properties  after  extreme  deformation.  What  research  has 
been  carried  out  on  undistorted  crystals  has  usually  been 
incidental  to  study  of  the  deformations,  and  very  few  of  the 
investigations  have  been  extended  to  low  temperatures. 

Taylor  and  Slam  (1923)  studied  the  distortion  of  an 
aluminum  crystal  during  a  tensile  test.  They  observed  that 
up  to  40  percent  elongation  the  distortion  of  the  specimen 
was  due  to  simple  shear  in  one  direction  parallel  to  one 
of  the  crystal  planes,  and  that  the  material  preserved  its 
crystal  symmetry  with  the  crystal  axis  practically  unaltered 
throughout  the  extension. 

Further  research  was  carried  out  on  aluminum  single  crys¬ 
tals  by  Gough,  Hanson  and  Wright  (1926).  They  investigated 
the  behaviour  of  the  crystals  under  static  and  repeated  stresses 
and  were  able  to  draw  the  following  general  conclusions: 

(1)  The  crystals  possessed  no  state  of  simple  elasticity, 
plastic  strain  occurring  under  the  lowest  stresses 
applied. 
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(2)  The  plastic  strain  consisted  of  a  shear  in  the 
direction  of  a  principal  line  of  atoms  in  one  or 
more  of  the  octahedral  planes  of  the  crystal. 

(3)  The  first  effect  of  slip  in  any  plane  was  to  incr¬ 
ease  its  resistance  to  further  slip.  At  the  same 
time  a  similar  hardening  effect  was  produced 

in  other  planes. 

(4)  Slip  in  any  part  of  a  specimen  appeared  to  be  con¬ 
fined  to  that  octahedral  plane  along  which  the 
shear  stress  in  one  of  the  principal  atomic  direc¬ 
tions  was  greatest. 

(5)  The  hardening  effects  appeared  to  be  connected 
in  some  way  with  a  permanent  distortion  of  the 
crystal. 

At  about  the  same  time  as  the  work  of  Gough,  Hanson 
and  jyright  other  sets  of  experiments  were  performed  on  alu¬ 
minum  crystals  by  Karnop  and  Suchs  (1927)  and  by  Xamaguchi 
(1928).  Karnop  and  Suchs  showed  that  crystalline  aluminum 
rods  whose  axes  lay  almost  parallel  to  a  crystal  diagonal 
possessed,  on  the  average,  a  resistance  to  stretching  10 
to  15  percent  greater  than  other  aluminum  crystals.  They 
also  showed  that  the  firmness  qualities  of  alximinum  depend 
only  to  a  small  degree  upon  the  speed  of  the  deformation. 
Yamaguchi  showed  that  at  room  and  higher  temperatures,  the 
slip  lines  in  aluminum  are  not  perfectly  straight,  but 
present  an  irregular,  segmented,  wobbly  form  when  viewed 
along  the  slip  direction. 

A  recent  experiment  carried  out  on  the  slip  in  aluminum 
single  crystals  by  Heidenreich  ajid  Shockley  (1948)  showed 
that  what  appears  under  an  ordinary  microscope  to  be  a 
single  slip  line  is  revealed  under  the  electron  microscope 
to  be  a  cluster  of  steps,  each  step  being  about  200  Angstroms 
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in  height  (measured  normal  to  the  slip  plane)  with  a  slip 
of  about  2000  Angstroms  per  step.  As  deformation  proceeds, 
the  number  of  lamellae  per  cluster  was  observed  to  increase 
until  adjacent  clusters  ran  together  producing  one  large 
cluster. 

The  most  recent  experiments  on  single  crystals  of  alu¬ 
minum  have  been  investigations  of  the  effect  of  temperature 
upon  the  elastic  moduli  and  the  critical  shearing  stress. 
T*ing-i3ui  Ke  (1949)  obtained  the  shear  modulus  temperature 
coefficient  for  aluminum  by  measuring  the  modulus  over  the 
temperature  range  0  to  500^  C,  and  pointed  out  that  the 
value  of  the  coefficient  is  the  same  as  that  for  polycrys¬ 
talline  aluminum  at  temperatures  where  the  grain  boundary 
relaxation  does  not  occur.  This  indicated  that  the  tem¬ 
perature  variation  of  the  shear  moduli  of  aluminum  along 
various  crystallographic  directions  is  similar. 

Yamashita  (1955)  measured  the  values  of  the  Young*s 
modulus  and  elastic  limit  of  the  principal  crystallographic 
axes  for  aluminum  single  crystals  at  temperatures  15^  C, 

100^  C,  200^  C  and  500^  C.  He  observed  that  the  values 
of  the  Young* s  modulus  and  elastic  limit  decreased  with  ris¬ 
ing  temperature  and  that  such  a  decreasing  behaviour  was 
different  according  to  the  crystallographic  orientation. 

He  also  showed  that  the  critical  shearing  stress  decreases 
with  increase  in  temperature. 

An  extended  piece  of  research  on  aluminum  single  crys¬ 
tals  was  carried  out  by  Cahn  (1951).  According  to  Cahn  all 
the  distorted  crystals. proved  on  examination  to  have  slipped 
predominantly  in  the  (111)  plane  and  along  the  [no]  direc¬ 
tion.  Furthermore,  all  specimens  had  marks  of  cross  slip 
which  took  place  in  several  distinct  planes.  The  proportion 
of  cross  slip  increased  with  the  deformation  and  with  rising 
temperature  of  deformation.  Deformation  bands  were  found 
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to  be  associated  with  uneven  elongation  of  adjacent  parts 
of  a  crystal.  Their  orientation  was  initially  normal  to  the 
slip  direction  and  then  changed  systematically  with  increasing 
deformation.  Annealing  at  high  temperatures  caused  progressive 
formation  of  closed  polygons  within  the  bands,  associated 
with  a  local  rumpling  of  the  free  surface  of  the  specimen. 

The  formation  of  these  markings  was  accelerated  by  the  appli¬ 
cation  of  a  tensile  or  compressive  stress  while  annealing. 

One  of  the  more  important  early  experiments  on  single 
crystals  of  zinc  was  carried  out  by  Gough  and  Cox  (1929,  1930). 
They  showed  that  the  principal  slip  plane  is  the  basal  (001) 
plane,  and  that  slip  in  this  plane  is  restricted  to  one  of  the 
three  diagonal  axes.  They  also  showed  that  the  ultimate 
fracture  took  place  in  three  general  directions.  They  con¬ 
cluded  that  deformation  by  slip  is  controlled  entirely  by  the 
resolved  stress  in  the  appropriate  directions  and  occurs 
along  the  most  highly  stressed  axial  direction  contained 
by  the  basal  plane. 

Further  research  by  Hanson  (1934)  showed  that  there  is  a 
definitely  limited  range  of  proportionality  between  an  initial¬ 
ly  increasing  stress  and  the  corresponding  strain,  and  that 
the  elastic  range  is  a  minimum  for  rods  oriented  at  45°  to  the 
hexagonal  crystal  axis.  He  also  showed  that  elastic  hysteresis 
occurs  for  bending  but  not  for  torsion,  except  for  crystals 
which  had  previously  been  permanently  strained.  Hanson  also 
found  that  the  elastic  properties  of  samples  of  zinc  differing 
only  slightly  in  purity  may  differ  by  large  amounts.  This 
last  conclusion  was  proven  to  be  wrong  by  Bridgman  (1935)  and 
by  Tyndall  (1935). 

A  fairly  recent  experiment  by  Wert  and  Tyndall  (1949) 
on  the  elasticity  of  zinc  crystals  over  a  range  of  temperatures 
from  0°  C  to  375°  C  showed  that  the  Young »s  modulus  decreases 
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with  increasing  temperature  for  all  orientations. 

One  of  the  first  important  experiments  on  the  elasticity 
of  copper  single  crystals  was  done  by  Elam  (1926).  He  studied 
the  structural  change  of  the  crystal  under  a  tensile  test,  and 
observed  that  the  position  of  the  crystal  axis  remained  prac¬ 
tically  unaltered  throughout  an  extension  which  far  exceeded 
the  elastic  limit.  As  the  result  of  a  comparison  of  aluminum 
and  copper  single  crystals  he  concluded  that  although  aluminum 
hardens  slightly  more  rapidly  than  copper  at  first  it  finally 
becomes  much  weaker. 

Goler  and  Sachs  (1929)  studied  by  X-rays  the  structural 
change  of  copper  single  crystals  while  under  tension,  and 
concluded  that  the  deformation  was  due  to  a  crystallographic 
gliding  process. 

Nowick  (1950)  investigated  the  variation  of  internal 
friction  in  single  crystals  of  copper  with  frequency  and 
temperature.  He  concluded  that  the  internal  friction  and 
elastic  modulus  are  independent  of  the  strain  frequency,  but 
vary  with  temperature,  and  can  be  expressed  as  the  product 
of  a  function  of  temperature  and  a  function  of  amplitude  alone 
when  the  crystal  is  subjected  to  an  alternating  stress. 

Gaffney  and  Overton  (1954)  have  recently  measured  the 
adiabatic  elastic  constants  of  oriented  single  crystals  of  cop¬ 
per  from  4.2°  A  to  500°  A.  They  found  that  at  4.2°  A  the 
values  of  0^2  ^44  greater  than  those  at  room 

temperature  by  4.8  percent,  2.8  percent  and  8.6  percent  re¬ 
spectively. 

The  effect  of  annealing  copper  single  crystals  was  in¬ 
vestigated  by  Neurath  and  Koeler  (1951).  They  fo\ind  that  the 
yield  stress  was  increased  by  annealing.  The  effect  of  the 
introduction  of  solute  atoms  into  copper  was  investigated 
by  French  (1951).  He  found  that  both  the  plasticity  and 
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electrical  conductivity  of  copper  decreased  as  the  concen¬ 
tration  of  solute  atoms  increased,  and  suggested  that  the 
dispersion  of  solute  atoms  in  copper  controls  the  flow 
of  atoms  in  a  uniform  deformation  in  an  analogous  manner 
to  its  control  of  the  mean  free  path  of  the  electron. 

The  first  work  on  the  elasticity  of  single  crystals 
of  beta-brass  was  carried  out  by  Taylor  (1928).  He  found 
the  crystals  to  be  elastically  anisotropic.  Within  a  certain 
range  of  orientations  of  the  crystal  axis  in  the  specimen, 
slip  occurred  in  the  (110)  plane  of  the  crystal,  but  in  an¬ 
other  range  of  orientation  it  did  not  occur  in  any  definite 
crystallographic  plane.  He  also  pointed  out  that  resistance 
to  slip  is  least  when  the  plane  of  slip  coincides  with  a 
crystal  plane  of  the  type  (110),  and  that  the  resistance 
to  slipping  in  one  direction  on  a  given  plane  is  not  the 
sajne  as  the  resistance  to  slipping  in  the  opposite  direction. 

Slam  (1936)  in  a  more  recent  work  suggested  that  the 
deformation  does  not  take  place  by  slip  in  any  definite 
crystal  plane,  but  that  the  distortion  is  brought  about 
by  movements  of  a  complicated  nature  initially  related  to  the 
structure,  but  finally  having  no  connection  with  it. 

Since  the  work  of  Taylor  a  number  of  workers  (lebb  1939; 
Good  1941;  Lazarus  1948;  Artman  and  Thompson  1951,  1952)  have 
measured  the  elastic  moduli  of  beta-brass  single  crystals 
at  room  temperature.  Their  results  are  in  fair  agreement  and 
all  show  that  the  Young’s  modulus  is  least  in  the  [lOo]  direc¬ 
tion  and  greatest  in  the  [111]  direction,  while  the  rigidity 
modulus  is  greatest  in  the  jloo]  direction  and  least  in  the 
[ill]  direction. 

Rinehart  (1940,  1941)  investigated  the  effect  of  temper¬ 
ature  upon  the  Young* s  modulus  of  beta-brass  single  crystals. 
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He  observed  that  in  the  [lOol  direction  the  Young* s  modulus 
increased  with  increase  in  temperature  over  the  range  -200^ 
to  200°  C,  and  in  the  [no]  direction  for  temperatures  over 
the  range  -200°  to  0°  C,  contrary  to  the  usual  behaviour 
of  elastic  materials.  A  latter  investigation  by  Artman  (1952) 
has  confirmed  the  work  of  Rinehart. 

Artman  and  Thompson  (1952)  investigated  the  effect  of  com¬ 
position  upon  the  Young* s  and  rigidity  modulus  of  beta-brass 
single  crystals  and  found  that  both  moduli  were  decreased 
by  a  small  excess  of  copper. 

Less  work  has  been  done  on  the  elastic  properties  of  mag¬ 
nesium  single  crystals  than  on  the  crystals  previously  men¬ 
tioned.  Schmid  (1931),  from  X-ray  studies  of  stretched 
magnesium  single  crystals  at  room  temperature,  concluded  that 
slip  occurs  in  the  basal  plane  along  the  direction  of  the 
diagonal  axis  closest  to  the  stress  direction.  This  conclu¬ 
sion  was  based  on  experiments  with  crystals  of  many  different 
orientations  relative  to  the  stress  axis. 

Bakarian  and  Mathewson  (1943)  made  a  study  of  slip 
in  magnesium  single  crystals  at  room  temperature  and  at  330°  C 
and  345°  C.  They  concluded  that  basal  slip  alone  operates 
below  225°  C,  and  that  slip  occurs  in  both  the  basal  and  the 
(101)  planes  at  temperatures  above  225°  C.  However,  even  well 
above  225°  C  the  critical  shearing  stress  for  slip  in  the  (101) 
plane  was  found  to  be  six  times  that  for  basal  slip. 

Cahn  (1949-50)  investigated  the  recrystallization  of  single 
crystals  of  magnesium,  zinc,  aluminum  and  rock  salt  after  plas¬ 
tic  bending.  He  observed  that  these  crystals  when  bent  showed 
a  special  type  of  recrystallization  ?/hich  lead  to  discontinuous 
asterisms  in  their  Laue  patterns.  The  microstructures  of  bent 
and  annealed  specimens  were  also  examined  by  Cahn.  He  found 
that  the  annealed  specimens  consisted  of  many  crystallites 
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separated  by  straight  boundaries  perpendicular  to  the  slip  planes. 

The  experimental  v/ork  to  be  described  in  this  thesis  has 
concerned  the  effect  of  various  heat  treatments  and  low  tempe¬ 
rature  upon  the  elastic  moduli  and  elastic  limits  of  the  previ¬ 
ously  mentioned  single  crystals.  The  effect  of  heat  treatment 
was  studied  more  extensively  in  beta-brass  than  in  the  other 
crystals  because  of  the  fact  that  this  crystal  becomes  disordered 
above  480^  C,  as  described  previously.  The  beta-brass  crystal, 
as  well  as  being  annealed  at  higher  temperatures,  was  quenched 
from  various  temperatures  above  and  below  the  critical  tempera¬ 
ture.  If  an  alloy  such  as  beta-brass  exists  at  a  high  tempera¬ 
ture  in  a  structural  form  different  from  that  which  is  stable 
at  room  temperature,  then  by  cooling  the  alloy  rapidly  from  a 
high  temperature  to  room  temperature,  the  structure  characteris¬ 
tics  of  the  high  temperature  may  persist  at  room  temperature. 

It  is  then  in  a  non-equilibrium  state,  but  if  the  activation  ener¬ 
gy  is  fairly  high  the  rate  of  approach  to  equilibrium  may  be  so 
slow  that  the  quenched  state  is  effectively  stable,  and  the  cry¬ 
stal  is  said  to  possess  ”frozen-in”  disorder.  Since  the  attain¬ 
ment  of  the  ordered  state  in  beta-brass  involves  exchange  of 
atoms,  it  is  extremely  slow  at  room  temperature.  Thus,  by  study¬ 
ing  quenched  crystals,  it  is  possible  to  compare  the  properties 
of  the  ordered  and  disordered  states,  at  the  same  temperature. 

Most  single  crystals  show  some  evidence  of  plasticity  over 
the  low  range  of  loading.  Plasticity  is  a  permanent  slip  that  is 
proportional  to  the  load  for  small  loads,  which  may  depend  on  the 
rate  of  loading  as  opposed  to  distortion  beyond  the  elastic  limit, 
which  increases  much  faster  than  proportionality  for  large  loads, 
up  to  the  breaking  point.  Figure  la  is  an  idealized  diagram  for 
extension  versus  load  of  a  single  crystal.  The  elastic  limit  is 
taken  as  the  stress  corresponding  to  the  point  on  the  curve  where 
it  departs  from  a  straight  line,  in  spite  of  the  fact  that  some 
plasticity  occurs  over  the  low  range  of  loading. 
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ll  THEORY 

From  the  metallurgical  point  of  view,  great  interest 
attaches  to  the  determination  of  the  cohesive  forces  in  a 
metal  binding  the  structure  together.  It  is  unfortunately 
not  possible  at  present  to  relate  the  cohesive  forces  of  a 
metal  to  its  structure-sensitive  mechanical  properties. 

In  a  mechanical  test,  the  elastic  limit  and  tensile  strength 
are  reached  long  before  the  applied  force  becomes  an  appre¬ 
ciable  fraction  of  the  strength  of  cohesion,  due  to  the  fact 
that  these  properties  are  determined  by  abnormal  conditions 
existing  at  irregularities  in  the  structure. 

If  the  energy  of  a  metallic  crystal  can  be  calculated 
as  a  function  of  the  lattice  spacing,  it  becomes  possible 
to  determine  such  properties  as  the  lattice  constants,  the 
compressibility  and  the  coefficient  of  thermal  expansion. 

By  studying  the  change  of  energy  with  change  in  shape  of  the 
crystal  cell,  the  elastic  constants  may  be  calculated. 

Calculation  of  the  crystal  energy  as  a  function  of  the 
interatomic  spacing  is,  however,  very  difficult;  for  the 
nature  of  the  problem  is  such  that  an  exact  mathematical 
treatment  is  impossible,  and  it  is  not  easy  to  introduce 
simplifying  approximations  without  losing  the  accuracy 
that  is  necessary  to  give  the  results  quantitative  signifi¬ 
cance.  Only  for  certain  metals  does  the  problem  become 
sufficiently  simple  to  allow  reliable  calculations  to  be 
made  by  the  methods  available  at  present.  Therefore,  I  will 
attempt  only  a  brief  and  qualitative  discussion  of  the  theory 
of  elastic  properties  of  single  crystals. 

Single  crystals  have  anisotropic  elastic  properties. 
Under  applications  of  small  ranges  of  loading,  slipping  occurs 
on  certain  planes  in  the  crystal.  This  slip  process  causes 
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a  plastic  strain  which  is  anisotropic  in  nature.  Exact  in¬ 
vestigations  of  the  slip  process  have  shown  that  the  process 
is  not  continuous  in  character  but  actually  consists  of  a 
large  number  of  small  slip  steps  which  are  propagated 
throughout  the  crystal.  In  stretching  experiments  the  slip 
plane  approaches  a  position  more  and  more  parallel  to  the 
axis  of  the  stress,  which  usually  causes  a  change  in  the 
orientation  of  the  crystal. 

Large  discrepancies  exist  between  the  actual  and  theo¬ 
retical  yield  values  of  crystals.  The  actual  values  are 
of  the  order  of  1000  to  10,000  times  less  than  the  theore¬ 
tical  force  required  to  shift  all  the  atoms  in  one  slip 
plane  with  respect  to  the  atoms  in  the  adjoining  slip  plane. 
Several  theories  have  been  put  forward  to  account  for  this 
characteristic  feature  of  crystalline  plasticity.  Although 
differing  widely  in  their  details,  they  may  be  said  to  be 
based,  in  one  way  or  another,  on  a  common  principle,  namely 
that  the  presence  of  inhomogeneities  of  some  kind  (flaws 
for  example)  in  a  test  piece  prevents  the  applied  exterior 
load  from  acting  homogeneously  over  the  full  extent  of  the 
test  piece,  thus  causing  premature  rupture  as  a  consequence 
of  stress-concentrating  effects. 

Of  the  various  theories  put  forward  in  order  to  explain 
crystalline  plasticity,  one  by  Taylor  (1934)  appears  to  offer 
the  best  explanation.  He  conceived  the  process  of  slip  as 
being  brought  about  by  the  propagation  through  the  lattice 
of  a  definite  type  of  deviation  called  a  dislocation.  A  dis¬ 
location  is  present,  if  along  a  certain  length  of  a  slipping 
plane,  the  row  immediately  above  the  plane  contains  one  atom 
more  or  one  atom  less  than  the  row  immediately  below  the  plane. 
When  the  atoms  on  one  side  of  the  slip  plane  are  moved  with  res¬ 
pect  to  those  on  the  other  side,  some  of  the  atoms  at  the  slip 
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plane  will  experience  repulsive  forces  and  others  will  ex¬ 
perience  attractive  forces  from  their  neighbours  across  the 
slip  plane.  To  a  first  approximation  these  forces  cancel, 
so  that  the  external  force  required  to  move  a  dislocation 
will  be  quite  small,  if  the  dislocation  line  is  not  straight, 
the  cancellation  will  be  even  more  complete.  Calculations 
show  that  dislocations  in  an  otherwise  perfect  crystal  can 

5 

be  made  to  move  by  very  low  stresses,  probably  below  10 
2 

dynes/ cm  .  Thus  dislocations  may  make  a  crystal  very  plastic. 

Taylor  assumed  that  the  distance  over  which  a  dislocation 
can  be  propagated  is  not  given  by  the  dimensions,  but  is  limi¬ 
ted  by  flaws.  The  dislocation  upon  reaching  some  irregularity 
in  the  crystal  lattice,  be  it  foreign  atoms  or  a  flaw,  instead 
of  being  propagated  in  a  regular  manner,  will  produce  a  local 
distortion  of  the  lattice  which  will  be  the  seat  of  a  system 
of  stresses.  As  the  deformed  state  of  the  crystal  is  thus 
characterized  by  the  presence  of  an  ever  increasing  number 
of  arrested  dislocations,  an  internal  field  of  stress  arises 
which  may  be  expected  to  influence  the  further  development 
of  the  slip  process.  Thus  the  stress  necessary  for  the  dis¬ 
placement  of  newly  formed  dislocations  increases  with  the  num¬ 
ber  of  dislocations  already  arrested  in  flaws,  that  is  with  the 
deformation  already  attained.  According  to  Taylor  this  explains 
the  phenomenon  of  shear  hardening,  that  is,  the  increase  of 
yield  stress  with  previous  deformation  which  is  almost  always 
observed. 

Finally  the  increase  of  plasticity  with  temperature  which 
occurs  in  most  crystals  is  explained  by  Taylor  by  assuming 
that  the  resistance  which  the  flaws  oppose  to  the  passage  of 
dislocations  decreases  with  increasing  temperature,  as  a  con¬ 
sequence  of  the  thermal  agitation  of  the  atoms.  At  higher 
temperatures  the  free  path  of  a  dislocation  will  thus  be  greater 
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than  the  mean  spacing  of  the  flaws,  so  that  the  number 
of  dislocations  which  can  be  displaced  by  a  given  shear 
stress  gives  rise  to  a  larger  macroscopic  shear. 

As  previously  mentioned,  beta-brass  has  shown  an  anoma¬ 
lous  temperature  variation  of  Young* s  modulus  in  the  [looj 
and  [iioj  directions  at  low  temperatures.  Only  one  attempt 
has  been  made  to  explain  this  anomaly.  Zener  (1947)  attri¬ 
buted  it  to  an  anomaly  in  the  temperature  variation  of  the 
shear  coefficient  (C^^-Cj^2 ) *  since  this  enters  into  the 
expressions  for  the  Young's  modulus  in  the  [lOo]  and  [lio] 
directions  when  the  Young's  modulus  is  put  in  terms  of  the 
bulk  modulus  and  the  shear  coefficients.  He  attributes  the 
change  in  sign  of  the  temperature  coefficient  of  V2{C^^-C^2 
at  higher  temperatures  to  a  decrease  in  the  coefficient  due 
to  (iLsordering. 
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III  APPARATUS 

A  photograph  of  the  apparatus  used  for  the  Young* s 
modulus  measurements  is  shown  in  figure  1.  It  consisted 
of  a  heavy  wooden  structure  as  shown  in  the  figure.  Three 
stainless  steel  rods  about  30  cm.  long  and  0.65  cm.  in  dia¬ 
meter  were  threaded  into  a  heavy  brass  washer  which  was 
fastened  below  a  hole  of  about  4  cm.  diameter  in  the  top 
of  the  wooden  platform.  A  removable  circular  brass  plate 
was  fastened  to  the  bottom  of  the  stainless  steel  rods. 

The  ends  of  the  crystals  in  the  form  of  rods  about  15  cm. 
long  and  from  about  0.3  to  0.5  cm.  diameter  were  soldered 
with  Wood's  metal  into  brass  sleeves  of  approximately  1.5 
cm,  length  and  1.0  cm.  diameter,  threaded  on  the  outside. 
Throughout  the  experiment  there  was  no  evidence  of  slip 
between  the  crystal  and  the  sleeves.  One  end  of  the  crystal 
was  screwed  into  the  brass  plate  and  the  other  end  into  a 
holder  to  which  a  heavy  wire  cable  was  attached.  This  wire 
extended  over  ball  bearing  pulleys  to  a  platform  which  sup¬ 
ported  the  weights  used  to  stretch  the  crystal. 

The  extension  of  the  crystal  was  measured  as  follows: 

A  thin  stainless  steel  cylinder  with  lucite  ends  to  reduce 
heat  conduction  rested  on  the  crystal,  and  extended  through 
the  hole  in  the  top  of  the  wooden  structure.  The  top  end 
of  this  cylinder  was  fitted  into  a  steel  piston  3.810  cm. 
in  diameter,  which  in  turn  fitted  snugly  with  as  little 
friction  as  possible  into  a  cylinder  from  which  protruded 
a  capillary  tube  0.249  cm.  in  diameter.  The  cylinder  and 
part  of  the  tube  were  filled  with  mercury,  so  that  any  exten¬ 
sion  of  the  crystal  caused  the  mercury  to  rise  in  the  tube. 
This  arrangement  gave  a  magnification  of  234.2  for  the 
increase  in  length  of  the  crystal.  The  rise  of  mercury  in  the 
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capillary  tube  ¥>^as  measured  to  ±  0.005  cm.  by  means  of  a  cathe- 
tometer,  so  that  the  extension  of  the  crystal  could  be  measured 
to  about  ±  2  X  lO”^  cm.. 

A  photograph  of  the  apparatus  used  for  measurement  of  the 
torsion  modulus  is  shown  in  figure  2.  It  consisted  of  a  wooden 
structure  with  a  heavy  brass  cylinder  about  22  cm.  long  and  4.5 
cm.  in  diameter  fastened  securely  to  the  under  side  of  the  top. 

A  heavy  brass  disc  was  fastened  securely  to  the  bottom  of  the 
cylinder,  i'he  crystal,  with  the  same  end  pieces  as  used  in  the 
Young's  modulus  apparatus  attached  to  it,  was  threaded  into  the 
disc.  The  other  end  of  the  crystal  was  threaded  into  a  solid 
brass  cylinder  approximately  1.9  cm.  in  diameter,  which  passed 
through  a  ball  bearing  sleeve  in  the  top  of  the  apparatus.  A 
couple  arm  26.0  cm.  long  was  passed  horizontally  through  the 
cylinder  near  its  top.  Cords  attached  to  the  ends  of  the  couple 
arm  passed  over  pulleys  to  the  weight  pans.  A  mirror  and  lens 
were  attached  to  the  cylinder  above  the  couple  arm,  and  a  beam 
of  light  was  reflected  from  this  optical  system  to  a  scale  one 
meter  from  the  mirror.  This  arrangement  gave  ample  accuracy 
for  measurements  of  the  angle  of  twist  of  the  crystal. 

The  Young's  modulus  apparatus  was  tested  with  a  steel  wire 
0.150  cm.  in  diameter,  annealed  at  450^  C.  This  was  fastened  into 
the  apparatus  in  the  same  manner  as  the  single  crystal  samples, 
using  brass  end  pieces  and  silver  solder.  There  appe8.red  to  be 
a  small  amount  of  hysteresis  on  unloading,  but  the  wire  returned 
to  its  original  length  after  all  the  load  was  removed,  and  the 
readings  of  the  mercury  level  reproduced  within  0.02  cm.  on  a 
second  cycle.  The  descending  curve  remained  parallel  to  the  as¬ 
cending  curve  except  at  the  tv/o  ends.  Since  polycrystalline  steel 
should  be  perfectly  elastic,  it  was  concluded  that  the  small  diffe¬ 
rence  between  loading  and  unloading  was  due  to  a  change  in  the  mer¬ 
cury  meniscus  according  as  the  column  was  rising  or  falling,  amount 
ing  to  not  more  than  0.05  cm.  The  Young's  modulus  of  the  steel,  de 
duced  from  the  straight  portions  of  the  curves,  v/as  18.2  x  10^^ 
dynes/cm^  . 
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Fig.  1 


Front  View 


Side  View 

•  Apparatus  Used  for  the  Measurement  of 


Young's  Modulus 
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Front  View 


Side  View 


Fig#  2.  Apparatus  Used  for  the  Measurement  of  Torsion  Modulus 
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lY  iiXPJSRIlvlEi^TAL  PHUCiiUUKi!;  AwD  RjSSULTd 

Each  of  the  untreated  crystals  was  fastened  in  turn  into 
the  apparati  for  the  Young* s  modulus  and  the  torsion  modulus. 
Weights  were  added  until  the  elastic  limit  was  barely  reached. 

As  each  weight  was  added  a  reading  of  the  extension  or  angular 
twist  (depending  upon  which  experiment  was  being  performed)  was 
taken.  The  weights  were  removed  in  the  same  order  as  they  w^ere 
added  and  readings  taken  as  for  the  addition  of  the  weights.  In 
nearly  all  cases  there  was  a  two-minute  interval  between  addition 
or  removal  of  weights.  In  the  first  few  trials  a  five-minute 
interval  was  taken,  but  it  was  observed  that  no  change  occurred 
over  the  last  three  minutes,  so  the  interval  was  reduced  to  two 
minutes.  Three  or  four  series  of  readings  were  taken  in  each  case 
both  at  room  and  liquid  nitrogen  temperatures.  For  the  last  set 
of  readings  in  each  series  more  weights  were  added  than  in  the 
previous  sets,  and  the  elastic  limit  was  exceeded  in  cases  where 
the  danger  of  fracturing  the  crystal  was  small. 

The  crystals  were  given  various  heat  treatments  after  which 
measurements  of  the  change  in  length  and  angle  of  twist  with  load 
were  taken  as  previously  described.  The  heat  treatments  were  not 
the  same  for  all  crystals.  The  beta-brass  was  given  the  following 
heat  treatments: 

(a)  annealed  at  500^  C 

(b)  heated  at  500^  C  and  quenched  in  oil 

(c)  heated  at  500°  C,  cooled  slowly  to  450°  C  and  then  quenched 

(d)  heated  at  500°  C,  cooled  to  400°  C  and  quenched 

(e)  heated  at  575°  C  and  quenched  in  oil. 

The  copper  crystal  was  annealed  at  195°  C  and  500°  C;  the  zinc  was 
annealed  at  100°  C,  and  the  magnesium  and  aluminum  at  200°  C.  In 
each  of  the  heating  processes  the  crystal  was  kept  at  the  speci¬ 
fied  temperatures  for  one  hour. 

The  diameters  and  lengths  of  the  crystals  were  measured 
to  the  nearest  0.001  cm.  and  0.01  cm.  respectively.  The 
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values  of  these  measurements  are  given  in  table  1.  In  the 
Young* s  modulus  part  of  the  experiment,  a  correction  was  made 
for  the  change  in  pressure  due  to  the  rise  of  mercury  in  the 
capillary  tube.  In  the  calculation  of  the  elastic  limit  for 
this  part  of  the  experiment  the  weight  of  the  scale  pan,  mercury, 
piston  and  supporting  cylinder  were  all  taken  into  account. 

The  values  of  the  loads  in  grams  and  the  changes  in  length 
of  the  crystals  in  centimeters  for  the  Young’s  modulus  experi¬ 
ment  are  given  in  tables  I  to  XXV^II  inclusive.  The  values  of 
the  torques  in  gram  centimeters  and  the  angles  of  twist  of  the 
crystals  in  radians  for  the  torsion  modulus  experiment  are  given 
in  tables  HVIll  to  XLVIII  inclusive.  The  graphs  for  the  loads 
versus  change  in  length  and  torque  versus  angle  of  twist  plotted 
from  the  tables  are  shown  in  fig*ures  I  to  XXVII  and  IXVlll  to 
XLVIII  respectively.  The  points  0  and  0  on  the  graphs 

represent  the  values  from  the  first,  second,  third  and  fourth 
sets  of  readings  respectively,  where  more  than  one  set  of  read¬ 
ings  was  taken.  The  Young’s  and  torsion  moduli  were  calculated 
from  the  slopes  of  the  straight  portions  of  the  graphs. 

The  Young’s  modulus  was  calculated  from  the  relation 

^  A  de 

where  F  is  the  applied  force  in  dynes,  ^  is  the  length  of  the 
crystal  in  centimeters,  A  is  the  cross-sectional  area  of  the 
crystal  in  square  centimeters  and  e  the  elongation  of  the  crys¬ 
tal  in  centimeters. 

The  torsion  modulus  was  calculated  from  the  relation 

„  2i  dL 
“  ttR"^  *  35 

where  L  is  the  applied  torque  in  cm.  dynes,  Ji  is  the  length 
of  the  crystal  in  centimeters,  R  is  the  radius  of  cross-section 
of  the  crystal  in  centimeters,  and  ^  is  the  angular  twist  in 
radians . 
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TABLE  1 *  Diameters  and  Lengths  of  Crystals 


Crystal 


Diaflieter  ( cm . ) 


Length  (cm. ) 


Copper 

Zinc 

Aluminum 

Magnesium 


Brass 


0.520 

0.316 

0.316 

0.400 

0.308 


12.75 

12.67 


12.80  and  11.40 


12.95 

12.75 


The  tensile  elastic  limit  was  found  by  taking  the  value 
of  the  stress  from  the  graph  where  the  slope  began  to  decrease 
and  adding  to  this  the  initial  stress  caused  by  the  resultant 
force  due  to  the  scale  pan,  mercury,  piston  and  supporting- 
cylinder  weights. 

The  torsion  elastic  limit,  or  critical  shearing  stress 
was  found  from  the  relation 


where  6^  is  the  critical  angle  of  twist  of  the  crystal  in  ra¬ 
dians.  The  value  of  0^  was  taken  from  the  graph  and  was  the 
value  of  6  for  which  the  slope  of  the  graph  began  to  decrease. 

The  values  of  the  young's  and  torsion  moduli  as  well  as 
the  values  of  the  elastic  limits  of  the  crystals  in  the 
various  states  are  given  in  tables  XLIX  to  LVII.  The  effects 
of  annealing  and  low  temperature  upon  the  elastic  moduli  and 
the  elastic  limits  of  the  single  crystals  are  outlined 
in  tables  LVIII  and  Lli. 

Laue  photographs  were  taken  of  samples  of  the  crystals 
about  1  mm.  thick  cut  at  right  angles  to  the  rods  in  order 
to  determine  the  angle  of  tilt  of  the  crystal  axis  with  the 
axis  of  the  sample  and  one  of  the  principal  planes  of  the 
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crystal.  The  crystal  axis  of  the  beta-brass  was  found 

o 

to  make  an  angle  of  5.5  with  the  axis  of  the  sample  and 
to  be  tilted  in  a  direction  maicing  an  angle  of  7.0° 
with  the  assumed  (100)  plane  of  the  crystal.  The  method 
used  for  the  identification  of  the  crystal  axis  from  the 
Laue  photographs  is  described  in  the  appendix  using  the 
Laue  photograph  of  the  beta-brass  as  an  example. 

The  crystal  axis  of  the  copper  was  found  to  make  an 
angle  of  5.9°  with  the  axis  of  the  sample,  and  to  be  tilted 
in  a  direction  making  an  angle  of  15°  with  the  (100)  plane. 

The  spots  on  the  copper  photograph  were  all  considerably 
elongated,  which  indicated  a  certain  amount  of  internal 
warping. 

The  hexagonal  axis  of  the  zinc  crystal  was  found  to 
make  an  angle  of  1.9°  with  the  axis  of  the  sample  in  a 
plane  at  45°  to  a  secondary  crystal  axis. 

The  Laue  photograph  of  the  aluminum  crystal  showed 
that  it  was  approximately  axial.  The  reflections  were 
very  streaky,  which  indicated  internal  warping  of  the 
crystal  lattice. 

The  Laue  photograph  of  the  magnesium  consisted  of  a 
cloud  of  very  small  spots  which  seemed  to  indicate  a  great 
deal  of  twinning,  so  that  it  v/as  doubtful  whether  it  could 
be  considered  a  single  crystal. 

Two  additional  X-ray  photographs  of  samples  cut  from  dif¬ 
ferent  places  in  the  crystal  rods  were  taken  for  each  crystal 
after  all  other  experiments  had  been  completed.  Near  the 
beginning  of  the  experiment  two  transverse  pictures  of  each 
of  the  copper  and  zinc  rods  were  taken.  All  these  photographs, 
with  the  exception  of  the  ones  for  magnesium,  showed  that  the 
samples  were  single  crystals. 

The  values  of  the  Young’s  moduli  given  in  tables  XLIX  to 
LIII  are  accurate  within  an  error  of  ^  2.0^.  This  error  was 
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calculated  by  taking  into  account  the  maximum  possible  errors 
involved  in  the  measurements  of  the  diameters  and  extensions 
of  the  crystals.  The  values  of  the  torsion  moduli  given 
in  tables  LIV  to  LVII  are  accurate  within  an  error  of  i  1.0^, 
This  error  was  calculated  by  taking  into  account  the  maximum 
possible  errors  involved  in  the  measurements  of  the  diameters 
and  angular  twists  of  the  crystals. 

The  lengths  of  the  crystals  given  in  table  1  did  not 
include  the  portions  of  the  crystals  within  the  holders.  No 
correction  was  made  for  the  latter  portions.  Because  of  the 
fact  that  the  crystals  were  fitted  snugly  into  the  holders  and 
held  by  a  thin  layer  of  solder,  these  portions  of  the  crystals 
could  be  considered  as  part  of  the  holders.  The  stretch  of  the 
holders,  including  the  ends  of  the  crystals,  was  neglected 
since  the  diameters  of  the  holders  were  much  larger  than  those 
of  the  crystals. 

There  is  some  scattering  of  the  points  in  the  graphs. 

The  scatter  of  the  points  in  a  single  trial  is,  in  nearly  all 
cases,  within  the  experimental  error  of  t  1,0%  for  the  measure¬ 
ment  of  the  distortion  of  the  crystal.  The  graphs  of  repeated 
trials  in  many  cases  do  not  follow  the  same  line,  but  give  lines 
parallel  to  one  another.  An  extreme  example  of  this  is  shown 
in  figure  III,  where  four  trials  were  made  without  taking 
readings  for  unloading,  with  the  exception  of  the  last  trial. 

It  appears  that  such  a  behaviour  was  caused  by  some  permanent 
distortion  within  the  crystal. 
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TABLE  I.  Brass  Crystal  as  Received.  Temperature  C. 


Load 

10^  gm. 

Elongation 

-3 

10  cm. 

Load 

10^  gm 

0 

0 

0 

0.337 

0.427 

0.333 

0.674 

0.934 

0.674 

1.01 

1.50 

1 .01 

1.11 

1.56 

1.34 

1.21 

1.65 

1.67 

1.31 

1.32 

1.77 

1.41 

1.99 

1.37 

1.51 

2.16 

1.97 

1.61 

2.37 

2.07 

1.71 

2.63 

2.17 

l.ai 

2.66 

2.27 

1.91 

3.14 

2.36 

2.00 

3.40 

2.46 

2.10 

3.67 

2.56 

2.20 

3.93 

Elongation 

10*^  cm. 

Load 

10^  gm. 

Elongation 

10“^  cm. 

0 

0 

0 

0.30 

0.333 

0.235 

1.05 

0.674 

0.940 

1.34 

1.01 

1.67 

2.60 

1.35 

2.77 

3.24 

1.66 

3.57 

3.46 

2.00 

4.23 

3.63 

2.34 

4.97 

3.33 

2.66 

5.73 

4.03 

3.01 

6.66 

4.23 

3.11 

6.93 

4.50 

3.21 

7.23 

4.75 

3.31 

7.54 

5.10 

3.41 

7.77 

5.35 

3.51 

3.07 

3.61 

3.37 

3.71 

3.67 

3.30 

3.94 

3.90 

9.26 

4.00 

9.56 

4.10 

9.35 

4.20 

10.2 
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TABLE  II.  Brass  Crystal  Annealed  at  500**  C.  Temperature  2^.1**  C. 
Loading  Unloading 


Load 

10^  gms. 

Change  in  Length 

-3 

10  cm. 

Load 

10^  gms. 

Change  in  Length 

10"^  cm. 

0 

0 

2.40 

3.63 

0.337 

0.534 

2.20 

3.59 

0.674 

1.09 

2.00 

3.50 

1.01 

1.60 

1.81 

3.16 

1.21 

1.91 

1.61 

2.82 

1.41 

2.18 

1.41 

2.52 

1.61 

2.48 

1.21 

2.16 

l.Sl 

2.76 

1.01 

1.79 

2.01 

3.01 

0.673 

1.55 

2.20 

3.31 

0.337 

0.469 

2.40 

3.63 

0 

0.128 

0 

0 

2.40 

3.87 

0.336 

0.363 

2.20 

3.59 

0.675 

0.833 

2.00 

3.05 

1.01 

1.31 

1.81 

2.63 

1.21 

1.60 

1.61 

2.25 

1.41 

1.93 

1.41 

1.88 

1.61 

2.31 

1.21 

1.56 

1.61 

2.70 

1.01 

1.22 

2.01 

3.05 

0.675 

0.862 

2.20 

3.44 

0.338 

0.384 

2.40 

3.87 

0 

0.128 
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TABLE  II 

contM.  Brass  Crystal 

Annealed  at 

500®  C.  Temperature 

Loading; 

Unloading; 

Load 

Change  in  Length 

Load 

Change  in  Length 

10^  ffms. 

10“^  cm. 

10^  gjns . 

10  cm. 

0 

0 

2.40 

3.64 

0.338 

0.214 

2.20 

3.42 

0,676 

0.512 

2.01 

2.84 

1.01 

1,03 

1.61 

2.42 

1.21 

1.37 

1.61 

2.09 

1.41 

1.75 

1.41 

1.67 

1.61 

2.10 

1.21 

1.30 

1.81 

2.52 

1.01 

1.07 

2.01 

2.89 

0.676 

0.684 

2.20 

3.27 

0.336 

0.171 

2.40 

3.64 

0 

0 
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Fig.  II.  Brass  Crystal  Annealed  at  500 *C.  Temperature  2S.1*C 
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Table  III.  Brass  Crystal  Annealed  at  500**  C> 

Liquid  Nitrogen  Temperature. 

Loading  Loading  Loading 

Change 


Load 

/f 

10  gms . 

Change  in  Length 

10  cm. 

Load 

10^  gms 

Change  in  Length 

.  10”^  cm. 

Load 

lO^gms . 

in  Length 

10  cm. 

0 

0 

0 

0 

0 

0 

0.339 

0.000 

0.338 

0.384 

0.33^ 

0.128 

0  .676 

0.469 

0.674 

1.11 

0.676 

0.640 

1.01 

1.18 

1.01 

1.77 

1.01 

1.32 

1.21 

1.58 

1.21 

2.22 

1.21 

1.75 

1.41 

1.99 

1.41 

2.65 

1.41 

2.07 

1.61 

2.43 

1.61 

2.97 

1.61 

2.48 

l.ei 

2.86 

1.^0 

3.40 

1.^1 

2.88 

2.01 

3.21 

2.00 

3.81 

2.01 

3.29 

2.20 

3.60 

2.20 

4.25 

2.20 

3.65 

2.40 

3  .89 

2.40 

4.63 

2.40 

3 .91 

Loading 

Unloading 

Load 

Change  in  Length 

Load 

Change  in  Length 

lO^gms 

.  10  cm . 

lO^gms  . 

-3 

10  cm. 

0 

0 

2.40 

5.22 

0.336 

0.940 

2.20 

5.22 

0.672 

1.62 

2.00 

5.20 

1.01 

2.31 

i.ao 

5.16 

1.21 

2.74 

1.60 

4.7S 

1.41 

3*12 

1.40 

4.02 

1.60 

3.51 

1.20 

3.53 

1.80 

3.94 

1.01 

2.95 

2.00 

4.36 

0.670 

2.18 

2.20 

4.7B 

0.333 

1.62 

2.40 

5.22 

-0.005 

1.35 

■( 
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TABLE  IV. 

Brass  Crystal  Heated 

at  500  °  C .  and 

Quenched . 

Temperature 

22.5®  C. 

Loading 

Unloading 

Load, 
gms.  10^ 

Change  in  Length 
cm.  10“^ 

Load  , 
gms .  10^ 

Change  in  ! 
cm.  10 

0 

0 

2.40 

4.36 

0.339 

0.000 

2.20 

4.15 

0.676 

0.469 

2.00 

3.67 

1.01 

1.22 

l.ai 

3.25 

1.21 

1.52 

1.61 

2.60 

1.41 

1.99 

1.41 

2.39 

1.61 

2.44 

1.21 

1.96 

1.61 

2.91 

1.01 

1.69 

2.00 

3.36 

0.673 

1.33 

2.20 

3.69 

0.334 

1.26 

2.40 

4.36 

-0.004 

1.24 

0 

0 

2.40 

4.67 

0.339 

0.043 

2.20 

4.61 

0.676 

0.662 

2.00 

4.13 

1.01 

1.47 

i.ao 

3.76 

1.21 

1.75 

1.61 

3.27 

1.41 

2.33 

1.41 

2.76 

1.61 

2.73 

1.21 

2.44 

l.Bl 

3.27 

1.01 

2.14 

2.00 

3.72 

0.671 

1.92 

2.20 

4.16 

0.333 

1.64 

2.40 

4.67 

-0.006 

1.60 
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TABLE  IV  contM.  Brass  Crystal  H  eated  at  500*  C,  and  Quenched 

Temperature  22,5"*  C> 


Loading 

Load  »  Change  in  Length 
gms  >  10^  cm«  10"^ 


Unloading 

Load  Change  in  Length 

grns^  10  cm.  10"^ 


0 

0 

2.80 

5.62 

0.339 

0.000 

2.60 

5.57 

0.676 

0.406 

2.40 

5.32 

1.01-  - 

1.07 

2.20 

4.74 

1.21 

1.62 

2.00 

4.39 

1.41 

2.07 

1.80 

3.87 

1.61 

2.61 

1.60 

3.40 

1.81 

3.12 

1.41 

3.01 

2.00 

3.48 

1.21 

2.54 

2.20 

4.02 

1.01 

2.26 

2.40 

4.50 

0.671 

1.88 

2.60 

5.02 

0.333 

1.81 

2.80 

5.62 

-0.006 

1.81 
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TABLE  V. 

,  Brass  Crystal  He  a  ted 

ct 

o 

o 

e 

O 

.  and  Quenched. 

Liquid  Nitrogen  Teranerat 

ure 

Loading 

Unloading 

Load 
10^  gms. 

Change  in  Length 
»  10*-^  cm. 

Load 

104  CTS. 

Change  in  Length 
10“^  cm. 

0 

0 

2.40 

5.60 

0.339 

0.320 

2.20 

5.57 

0.674 

1.20 

2.00 

5.14 

1*01 

2.16 

1.80 

4.57 

1.21 

2.54 

1.60 

3.96 

1.41 

3.03 

1.40 

3.44 

1.60 

3.57 

1.21 

2.93 

1.60 

4.15 

1.01 

2.29 

2.00 

4.56 

0.672 

1.60 

2.20 

5.06 

0.336 

0.917 

2.40 

5.60 

0 

0.021 

0 

0 

2.40 

5.60 

0.339 

0.364 

2.20 

5.70 

0.674 

1.15 

2.00 

5.23 

1.01 

2.12 

1.80 

4.61 

1.21 

2.65 

1.60 

4.14 

1.41 

3.20 

1.40 

3.66 

1.60 

3.74 

1.21 

3.03 

1.60 

4.21 

1.01 

2.00 

4.75 

0.672 

1.62 

2.20 

5.25 

0.335 

1.15 

2.40 

5.60 

0 

0 

'k 
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TABLE  V.  cont’d.  Brass  Crystal  H  3  a  t  ed  at  50Q**C>  and  Quenched 

Liquid  Nitrogen  Temperature . 


Load 

10^  sms. 

Loading 

Change  in  Length 

10~3  cm. 

0 

0 

0.338 

0.44^ 

0.674 

1.45 

1,01 

2.35 

1*21 

2.99 

1.40 

3.52 

1.60 

3.97 

1.80 

4.53 

2.00 

5.08 

2.20 

5.65 

2.40 

6.15 

2.59 

6.66 

2.79 

7.17 

2.99 

7.68 

3.19 

8.13 

3.39 

8.58 

3.58 

9.18 

3.78 

9.65 

3.98 

10.3 

4.18 

10.6 

4.38 

11.1 

4.58 

11.7 

4.77 

12.2 

4.97 

5.17 

5.37 

5.57 

5.86 

12.8 

13.3 

13.8 

14.3 

15.0 
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TABLE  VI. 

Brass  Crystal  Annealed  at  500 *0 

.  and  Quenched 

from  450*C. 

Temperature  22 

.1*C. 

Loading 

Unloading 

Load 

10^  ©ns. 

Change  in  Length 
10“^  cm. 

Load 

10^  CTIS. 

Change  in  Length 
10* cm. 

0 

0 

2.39 

6.51 

0.336 

0.126 

2.19 

6.45 

0.675 

0.896 

2.00 

6.10 

1.01 

1.97 

1.60 

5.46 

1.21 

2.46 

1.60 

4.72 

1.41 

3.16 

1.40 

4.16 

1.60 

3.66 

1.20 

3.46 

1.60 

4.55 

1.01 

2.60 

2.00 

5.21 

0.672 

1.79 

2.20 

5.67 

0.335 

1.20 

2.39 

6.51 

0 

0 

0 

0 

2.39 

6.75 

0.33a 

0.364 

2.19 

6.70 

0.674 

1.13 

1.99 

6.06 

1.01 

2.24 

1.60 

5.55 

1.21 

2.66 

1.60 

4.91 

1.40 

3.46 

1.40 

4.16 

1.60 

4.17 

1.20 

3.57 

i.ao 

4.62 

1.01 

2.62 

2.00 

5.43 

0.672 

1.76 

2.19 

6.09 

0.336 

0.612 

2.39 

6.75 

0 

0.064 

“Si 

'f. 
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TABLE  VI.  contM.  Brass  Crystal  Annealed  at  500  and  Quenched 

from  A50*C.  Temperature  22.1^0. 


Loading 


oad 


Change  in  Length 
cm. 


0 

0.33S 

0.674 

1.01 

1.21 

1.40 

1.60 

1.60 

2.00 

2.20 

2.39 

2.59 

2.79 

2.99 
3  J.8 
3.38 
3.58 


0 

0.256 

1.09 

2.09 

2.78 
3.46 
4.12 

4.78 

5.44 

6.05 

6.75 

7.44 

8.07 

8.72 

9.35 

10.0 

10.7 


Unloading 

Load  Change  in  Length 
10^  gms*  10**^  cm. _ 


3.58 

10.7 

3.38 

10.6 

3.18 

10.1 

2.98 

9.75 

2.78 

8.97 

2.59 

8.60 

2.39 

7.88 

2.19 

7.18 

1.99 

6.54 

1.80 

5.87 

1.60 

5.22 

1.40 

4.55 

1.20 

3.87 

1.01 

3.32 

0.671 

2.08 

0.335 

1.03 

0 

0.107 

tM: 


-""Ji 


J,  ^y^;u,:i. 


t 


2.00  5.00  ^.OO  5.00  t.OO  7.00  a.OO 

Change  in  Length  (10“^  cm.) 

Pig.  VI.  Brass  Crj'stal  Annealed  at  500°  C.  and  'Quenched  from  L50 

Temperature  22.1*^  C. 
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TABLS  VII .  Brass  Crystal  Annealed  at  500*'C»  and  Quenched 
from  450^0#  Liquid  Nitrogen  Temperature ♦ 


Loading  Unloading 


Load 

10^  gms# 

Change  in  Length 
10“3  cm. 

Load 

10^  gms. 

Change  in  Length 
10~^  cm* 

0 

0 

2.99 

7.77 

0.337 

0.427 

2.79 

7.73 

0.673 

1.35 

2.59 

7.32 

1.01 

2.20 

2.39 

6.83 

1.21 

2.78 

2.19 

6.28 

1.40 

3.38 

2.00 

5.80 

1.60 

3.98 

1.80 

5.21 

1.80 

4.55 

1.60 

4.61 

2.00 

5.17 

1.40 

4.05 

2.20 

5.89 

1.20 

3.36 

2.39 

6.53 

1.01 

2.88 

2.59 

6.90 

0.673 

1.79 

2.79 

7.35 

0.335 

1.20 

2.99 

7.77 

-0.002 

0.470 
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TABLE  VII. 

cont’d.  Brass  Cr^ 

rstal  Annealed 

at  500 ®C.  and  Quenched 

from  45C 

)®C.  Liquid  Nitrogen  Temperature. 

Loading: 

Unloading 

Load 

10^”  sms. 

Change  in  Length 
10“^  cm. 

Load 
10^  sms. 

Change  in  Length 

10-3  cm. 

0 

0 

2.99 

7.70 

0.338 

0.342 

2.79 

7.57 

0.675 

1.07 

2.59 

7.17 

1.01 

1.84 

2.39 

6.56 

1.21 

2.67 

2.20 

5.97 

1.40 

3.42 

2.00 

5.55 

1.60 

4.06 

1.80 

4.82 

1.80 

4.59 

1.60 

4.29 

2.00 

5.03 

1.40 

3.65 

2.20 

5.60 

1.21 

3.12 

2.40 

6.02 

1.01 

2.61 

2.59 

6.53 

0.671 

2.01 

2.79 

7.13 

0.335 

1.15 

2.99 

7.70 

0 

0.171 

0 

0 

2.99 

7.47 

0.338 

0.214 

2,79 

7.43 

0.675 

0,832 

2.59 

7.09 

1.01 

2.01 

2,39 

6.58 

1.21 

2.46 

2.20 

5.85 

l.U 

3.25 

2.00 

5.32 

1.60 

3.72 

1.80 

4.74 

1.80 

4.31 

1.60 

4.06 

2.00 

4.95 

1.40 

3.55 

2.20 

5.55 

1.21 

3.03 

2.40 

6.10 

1.01 

2.48 

2.59 

6.60 

0.670 

2.16 

2.79 

7.00 

0.335 

0.790 

2.99 

7.47 

-  0.001 

0.320 
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TABLE  VIII 


-35- 

Brass  Crystal  Annealed  at  500 and  Quenched 

from  400 Temperature 

Loading  Unloading 


Load 

10^  gms. 

Change  in  Length 
10*-^  cm. 

Load 

10^  gms. 

Change  in  Length 
10-3  cm. 

0 

0 

2.99 

7.27 

0.337 

0.620 

2.79 

7.22 

0.673 

1.46 

2.59 

7.17 

1.01 

2.33 

2.39 

6.54 

1.21 

2.78 

2.20 

6.07 

1.41 

3.27 

2.00 

5.71 

1.60 

3.76 

1.80 

5.21 

1.80 

4.19 

1.60 

4.85 

2.00 

4.65 

1.40 

4.42 

2.20 

5.15 

1.20 

3.94 

2.40 

5.79 

1.00 

3.46 

2.59 

6.22 

0.668 

2.74 

2.79 

6.75 

0.331 

2.14 

2.99 

7.27 

-■0.005 

1.29 

0 

0 

2.99 

6.94 

0.337 

0.533 

2.79 

6.90 

0.674 

1.11 

2.59 

6.86 

1.01 

2.20 

2.39 

6.53 

1.21 

2.54 

2.20 

5.89 

1.41 

2.99 

2.00 

5.33 

1.60 

3.42 

1.80 

4.92 

1.80 

3.97 

1.60 

4.50 

2.00 

4.40 

1.40 

4.18 

2.20 

4.91 

1.20 

3.70 

2.40 

5.47 

1.00 

3.31 

2.60 

5.91 

0.669 

2.42 

2.79 

6.45 

0.333 

1.80 

2.99 

6.94 

-  0.003 

0.983 
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table  VIII*  cont’d.  Brass  Crystal  Annealed  at  500 *^C*  and  Quenched 

from  400  *C*  Temperature  22*4.*C* 


Loading  Unloading 


Load 

10^  gm§. 

Change  in  Length 
10“^  cm. 

Load 

10^  gms. 

Change  in  Length 
10“^  cm. 

0 

0 

3.39 

8.13 

0.337 

0.661 

3.19 

8.11 

0.673 

1.26 

2.99 

7.86 

1.01 

2.42 

2.79 

7.39 

1.21 

2.74 

2.59 

7.13 

1.41 

3.12 

2.39 

6.40 

1.60 

3.61 

2.20 

6.05 

1.80 

4.15 

2.00 

5.53 

2.00 

4.70 

1.80 

5.19 

2.20 

5.21 

1.60 

4.61 

2.40 

5.66 

1.40 

4.19 

2.59 

6.11 

1.20 

3.76 

2.79 

6.57 

1.00 

3.29 

2.99 

6.70 

0.669 

2.48 

3.19 

7.16 

0.332 

1.92 

3.39 

8.13 

-  0 .004 

1.24 

3.00 
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TABLE  IX. 

Brass  Crystal 

Annealed  at  500* 

’C.  and  Quenched 

from  400 *0. 

Liquid  Nitrogen  Temperature. 

Loadinje: 

Unloading 

Load 

Change  in  Length  Load 

Change  in  Length 

10^  ems. 

10"^  cm. 

lO**”  gras. 

,  10"-^  cm. 

0 

0 

3.99 

8.90 

0.338 

0.299 

3.79 

8.85 

0.674 

1.18 

3.59 

8.30 

1.01 

2.16 

3.39 

7.75 

1.21 

2.58 

3.19 

7.26 

1.41 

3.08 

2.99 

6.83 

1.60 

3.57 

2.79 

6.32 

1.80 

4.04 

2.60 

5.80 

2.00 

4.48 

2.40 

5.25 

2.20 

5.02 

2.20 

4.91 

2.40 

5.42 

2.00 

— . 

2.60 

5.78 

1.^0 

4.27 

2.79 

6.26 

1.60 

3.80 

2.99 

6.66 

1.40 

3.42 

3.19 

7.11 

1.21 

2.76 

3.39 

7.56 

1.01 

2.24 

3.59 

8.10 

0.674 

1.22 

3.79 

8.47 

0.336 

0.960 

3.99 

8.90 

-  0.002 

0.512 

-38- 


TABLE  IX. 

cont^d.  Brass  Crystal  Annealed 

at  500 *0.  and  Quencl 

from  400 ®C. 

Liquid  Nitrosen  Temperature. 

Loading 

Unloadins 

Load 

10^  sms. 

Change  in  Length 

10-3  cm. 

Load 
10^  sms. 

Change  in  Length 
10-5  cm. 

0 

0 

3.98 

9.00 

0.339 

0.406 

3.79 

8.93 

0.674 

1.13 

3.59 

8.45 

1.01 

2.07 

3.39 

8.00 

1.21 

2.42 

3.19 

7.54 

1.41 

2.84 

2.99 

6.75 

1.60 

3.31 

2.79 

6.35 

1.80 

3.80 

2.60 

5.94 

2.00 

4.27 

2.40 

5.47 

2.20 

4.80 

2.20 

5.08 

2.40 

5.21 

2.00 

4.48 

2.60 

5.81 

1.80 

4.06 

2.79 

6.20 

1.60 

3.48 

2.99 

6.64 

1.41 

3.06 

3.19 

7.13 

1.21 

2.56 

3.39 

7.65 

1.01 

2.16 

3.59 

8.10 

0.672 

1.61 

3.79 

8.58 

0.334 

1.37 

3.98 

9.00 

0 

0 
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TABLE  IX. 

cont’d.  Brass  Crystal 

Annealed 

at  500*C.  and  Quenched 

from  400 *0. 

Liquid  Nitrogen  Temperature. 

Loading 

Unloading 

CO 

• 

Change^! n  Length 

10-3  cm. 

Load 
10^  gms. 

Change.jin  Length 

10**^  cm. 

0 

0 

3.98 

9.35 

0.33S 

0.299 

3.78 

9.29 

0.674 

1.09 

3.59 

8.90 

1.01 

1.92 

3.39 

8.36 

1.21 

2.33 

3.19 

7.88 

1.41 

2.82 

2.99 

7.54 

1.60 

3.31 

2.79 

7.15 

1.80 

3.86 

2.59 

6.47 

2.00 

4.33 

2.40 

6.04 

2.20 

4.92 

2.20 

5.51 

2.40 

5.42 

2.00 

5.01 

2.50 

5.85 

1.80 

4.70 

2.79 

6.39 

1.60 

4.03 

2.99 

6.90 

1.40 

3.50 

3.19 

7.45 

1.21 

3.23 

3.39 

7.98 

1.01 

2.58 

3.59 

8.43 

0.670 

2.12 

3.79 

8.93 

0.333 

1.73 

3.98 

9.35 

-  0.003 

0.960 

,.O0  2.00  5.00  <^.00  5,00  ^.OO  7.00  g.OO  d.OO  ICO 

—  3 

Change  in  Length  (10  cm.) 

Fig.  IX.  Brass  Crystal  Annealed  at  500^  C.  and  guenched  from  400^  C. 

Liquid  Nitrogen  Temperature 
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TABLE  X. 

Brass  Crystal  H  e  a  ted 

at  575 *0 

.  and  Quenched* 

Temperature  22 < 

Loadi  TiR 

Unloading 

Load 

10^  gms. 

Change  ..in  Length 

10“'^  cm. 

Load 
10^  sms. 

Change  ..in  Length 
10“**^  cm. 

0 

0 

3.00 

5.66 

0.337 

0.555 

2.80 

5.62 

0.673 

1.30 

2.60 

5.57 

1.01 

2.20 

2.40 

5.32 

1.21 

2.54 

2.20 

4.91 

1.41 

2.93 

2.00 

4.57 

1.61 

3.20 

1.80 

4.48 

1.80 

3.46 

1.60 

4.18 

2.00 

3.70 

1.40 

3.78 

2.20 

4.00 

1.20 

3.36 

2.40 

4.31 

1.01 

2.80 

2.60 

4.71 

0.672 

1.73 

2.ao 

5.14 

0.336 

0.918 

3.00 

5.66 

0 

0 

0 

0 

3.00 

5.70 

0.337 

0.512 

2.80 

5.70 

0.673 

1.30 

2.60 

5.66 

1.01 

2.18 

2.40 

5.50 

1.21 

2.42 

2.20 

5.21 

1.41 

2.65 

2.00 

5.00 

1.61 

2.91 

1.80 

- — 

i.eo 

3.27 

1.60 

4.35 

2.00 

3.66 

1.40 

4.04 

2.20 

4.06 

1,20 

3.38 

2.40 

4.48 

1.01 

2.82 

2.60 

4.93 

0.671 

1.84 

2.80 

5.34 

0.336 

0.960 

3.00 

5.70 

0 

0.085 
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TABLE  X.  cont’d.  Brass  Crystal  Hea  ted  at  575 and  Quenched ♦ 

Temperature  22 ♦4*^ 


Loading  Unloading 


Load 

10^  gms. 

Change  in  Length 

10“ cm. 

Load 

10^  gms. 

Change  in  Length 
10*^  cm. 

0 

0 

4.56 

9.35 

0.337 

0.555 

4.36 

9.33 

0.674 

1.20 

4.16 

9.22 

1.01 

2.16 

3.96 

6.97 

1.21 

2.35 

3.79 

6.71 

1.41 

2.65 

3.59 

6.25 

1.61 

2.93 

3.39 

7.73 

1.60 

3.16 

3.19 

7.19 

2.00 

3.67 

2.99 

6.64 

2.20 

4.03 

2.79 

6.57 

2.40 

4.46 

— 

— 

2.60 

4.64 

— 

— 

2.60 

5.42 

— 

— 

3.00 

5.72 

— 

— 

3.19 

6.23 

— 

— 

3.39 

6.57 

— 

— 

3.59 

7.02 

1.40 

4.00 

3.79 

7.56 

1.20 

3.57 

3.99 

7.96 

1.01 

3.14 

4.19 

6.36 

0.671 

2.09 

4.39 

6.64 

0.334 

1.45 

4.56 

9.35 

-  0.001 

0.342 

pos 


Brass  Crystal  Heated  at  575^  C.  and  Quenched.  Temperature  22 
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TABLE  XI.  Brass  Crystal  H  e  a  t  ej^  at  575^0.  and  quenched. 

Liquid  Mtrop:en  Temi^erature . 


Load 
10  gms. 


0.338 
0.673 
1.01 
lAo 
1. 60 
1.80 


2,00 

2.20 

2.^0 

2.59 

2.79 

2.99 

3.19 

3.39 

3.59 


Loading 

Change  in  Length 
lO"^  cm. _ 

0 

0.342 

1.32 

2.48 

3.89 

if, 82 

5.15 

5.51 

5.98 

6A3 

6.92 

7.if3 

7.88 

8.33 

8.88 


5.0  01 


O 

o 


Fig.  XI.  Brass  Crystal  Heated  at  575°  C.  and  Quenched. 
Liquid  Nitrogen  Temperature. 
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TABLS  XII.  Copper  Crystal  as  Received.  Temperature  27.9”C. 


Load 

10-^  gms. 

Change  in  Length 
10"3  cm. 

0 

0 

1.00 

0.063 

1.99 

0.214 

2.98 

0.468 

3.97 

0.790 

4.95 

1.07 

5.94 

1.35 

6.94 

1.65 

7.93 

2.05 

8.92 

2.48 

9.82 

5.18 

Load  (10 
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Table  XIII • 

Copper  Crystal  Annealed  at 

195 *0^ 

Temperature 

28.1*C. 

Loading 

Unloading 

Load  Change  in  Length 

10^  gms*  10"'^  cm. 

Load 
10-^  gms 

Change  in  Length 
10"^  cm. 

0 

0 

7.43 

2.05 

1.99 

0.256 

6.93 

2.05 

2.98 

0.512 

5.93 

2.05 

3.97 

0.832 

4.93 

1.97 

4.96 

1.15 

3.94 

1.75 

5.95 

1.47 

2.95 

1.52 

6.94 

1.81 

1.96 

1.24 

7.43 

2.05 

0 

0.597 

0 

0 

7.43 

1.90 

1.99 

0.171 

6.93 

1.90 

2.98 

0.470 

6.43 

1.90 

3.97 

0.769 

5.94 

1.82 

4.96 

1.07 

4.94 

1.60 

5.95 

1.39 

3.95 

1.35 

6.45 

1.56 

0 

0.620 

6.94 

1.75 

7.43 

1.90 

0 

0 

7.93 

2.07 

1.99 

0.256 

7.43 

2.07 

2.98 

0.555 

6.93 

2.07 

3.97 

0.832 

6.43 

2.07 

4.96 

1.11 

5.93 

1.99 

5.95 

1.41 

4.94 

1.86 

6.45 

1.56 

6.94 

7.43 

7.93 

1.73 

1.88 

2.07 

1.96 

0 

1.28 

0.598 

Load  (10^  gms. 


9.0O1 


Change  in  Length  (10“*^  era*) 


J’ig*  XIII.  Copper  Crystal  Annealed  at  195^  C. 
Temperature  2B.l^  C. 
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TABLE  XIV. 

Copper  Crystal  Annealed  at  195 

•c. 

Liquid  Nitrogen  Temperature. 

Loading 

Unloading 

Load 
lO-*  ems^ 

Change  in  Length 
10-*^  cm. 

Load 

10-^  gms. 

Change  in  Length 
10*3  cm* 

0 

0.000 

8.94 

1.62 

2.00 

0.021 

7.94 

1.62 

3.99 

0.235 

5.94 

1.62 

5.97 

0.747 

3.94 

1.62 

7.96 

1.24 

2.97 

0.961 

8.94 

1.62 

-0.02 

0.470 

0.00 

0.000 

10.9 

2.31 

2.00 

0.000 

9.92 

2.31 

3.99 

0.214 

8.92 

2.31 

5.98 

0.662 

7.92 

2.31 

7.95 

1.28 

5.92 

2.16 

8.94 

1.60 

3.94 

1.75 

9.93 

1.92 

1.96 

1.09 

10.9 

2.31 

-0.02 

.491 

Load  (10 


Fig.  XIV.  Copper  Crystal  Annealed  at  195^  C. 
Liquid  Nitrogen  Temperature 
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TABLE  XV 

.  Copper  Crystal  Annealed 

at  500 *0. 

Temperature  22.5*( 

Loading 

Unloading 

Load 
10^  ms. 

Change  in  Length 

10*“-^  cm. 

Load 

10^  ms. 

Change  in  Length 
10"-^  cm* 

0 

0 

9.93 

2.05 

1.00 

0.000 

8.93 

2.05 

2.00 

0.000 

7.93 

2.05 

2.99 

0.171 

6.93 

2.05 

3.99 

0.385 

5.93 

1.96 

4.98 

0.640 

4.94 

1.80 

5.97 

0.960 

3.95 

1.54 

6.96 

1.24 

2.96 

1.28 

7.95 

1.50 

1.97 

0.980 

8.94 

1.75 

0.980 

0.620 

9.93 

2.05 

-  0.010 

0.300 

0 

0 

9.93 

1.92 

1.00 

0.000 

8.93 

1.92 

2.00 

0.022 

7.93 

1.92 

2.99 

0.171 

6.93 

1.92 

3.99 

0.341 

5.94 

1.84 

4.98 

0.597 

4.94 

1.62 

5.97 

0.853 

3.96 

1.26 

6.96 

1.13 

2.97 

0.982 

7.95 

1.39 

1.97 

0.748 

8.94 

1.67 

0.985 

0.427 

9.93 

1.92 

0 

0.128 

-47- 


'ABLE  XV.  cont>d. 

Copper  Crystal  Annealed  at  500*C. 

temperature  i2*$*(5* 

Loading 

Load 
103  CTis. 

Change  in  Length 
10“^  cm. 

0 

0 

1*00 

0.000 

2.00 

0.000 

2.99 

0.171 

3.99 

0.385 

4.9S 

0.620 

5.97 

0.873 

6.96 

1.18 

7.95 

1.43 

8.94 

1.67 

9.93 

1.94 

10.9 

2.26 

11.9 

2.63 

12.9 

3.05 

13.9 

3.60 
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TABLE  XVI,  Copper  Crystal  Annealed  at  500^C.  Liquid  Nltrop:en 

Temperature 


Loading  Unloading 


Load 

10-^  gms. 

Change  in  Length 

10“^  cm. 

Load 

10^  gms. 

Change  in  Length 
10"^  cm. 

0 

0 

13.9 

2.86 

1.99 

0.214 

12,9 

2.84 

2.98 

0.42? 

11.9 

2.84 

3.98 

0.620 

10,9 

2.84 

— 

— 

9.90 

2.82 

5.96 

1.07 

8,90 

2.80 

6.96 

1.26 

7.90 

2.72 

7.95 

1.43 

6.92 

2.37 

8,9^ 

1.67 

5*93 

1.97 

9.93 

1.90 

4,94 

1.71 

10.9 

2.18 

3*95 

1.33 

11.9 

2.46 

2,9? 

0.940 

12.9 

2.65 

1,98 

0.597 

13.9 

2.86 

0 

0.085 
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TABLE  XVI.  cont’d.  Copper  Crystal  Annealed  at  500  C«  Liquid 

Nitrop:en  Temperature 


Loading: 


Unloading: 


^oad 

10''  r:ms. 

Change^ in  Length 

10“^  cm. 

Load 

10-^  gms. 

Change  in 

10“3  , 

0 

0 

13.9 

3.25 

1.99 

0.235 

12.9 

3.23 

2.98 

0.470 

11.9 

3.23 

3.97 

0.770 

10.9 

3.23 

4.96 

1.03 

9.89 

3.21 

5.95 

1.26 

8.89 

3.21 

6.95 

1.49 

7.89 

3.18 

7.9^ 

1.79 

6.90 

2.92 

8.93 

2.07 

5.91 

2.52 

9.92 

2.29 

4.92 

2.14 

10.9 

2.54 

3.94 

1.77 

11.9 

2.84 

2.95 

1.56 

12.9 

3.04 

1.96 

1,24 

13-9 

3.25 

-0  .020 

0.640 

cm, 
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TABLE  XVI.  contM.  Copper  Crystal  Annealed  at  500 *C.  Liquid 

Nitrogen  Temperature 


Loading  Unloading 


Load 

10^  gms. 

Change  in  Length 

10*^  cm. 

Load 

10^  gms. 

Change  in  Length 
10"^  cm. 

0 

0 

17.8 

4.89 

1.99 

0.320 

16.8 

4.89 

2.98 

0.640 

15.8 

4.89 

3.97 

0.960 

14.8 

4.89 

4.96 

1.24 

13.8 

4.89 

5.95 

1.47 

12.8 

4.89 

6.94 

1.84 

11.8 

4.87 

7.93 

2.07 

10.8 

4.85 

8.92 

2.35 

9.83 

4.78 

9.91 

2.58 

8.84 

4.67 

10.9 

2.84 

7.85 

4.16 

— 

— 

6.86 

3.91 

12.9 

3.40 

5.88 

3.53 

13.9 

3.74 

4.89 

3.06 

14.9 

3.96 

3.91 

2.82 

15.9 

4.25 

2.92 

2.35 

16.3 

4.52 

1.93 

2.07 

17.8 

4.89 

-0.05 

1.43 

Fig.  XVI.  Copper  Crystal  Annealed  at  500®  C. 
Liquid  Nitrogen  Temperature 


I 

I 


i 
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TABLE  XVII.  Zinc  Crystal  as  Received,  Temperature 


Load 

10^  gms* 

Change  in  Length 
10"^  cm. 

0 

0 

3.33 

0.341 

6.76 

1.03 

7.75 

1.24 

3.74 

1.41 

9.74 

1.65 

10.7 

1.34 

11.7 

2.16 

12.7 

2.76 

OOT 


f 


o 


0.5  0  i.oo  ISO  a.oo  &.50  3.00  3.50  4^.00 

Change  in  Length  (10“^  era.) 

Fig.  XVII.  Zinc  Crystal  as  Received. 

Temperature  2^.1^  C. 
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TABLE  XVIII.  Zinc  Crystal  Annealed  at  100*^0,  Temperature  25«0**C» 

Loading  Unloading 

Load  Change  in  Length  Load  Change  in  Length 

10^  gms,  _ 10^-^  cm«  10^  gms*  10"^  cm* 


0 

0 

11.9 

3.46 

3.97 

0.333 

9.88 

3.46 

5.95 

1.43 

7.88 

3.46 

7.93 

2.05 

5.88 

3.40 

9.91 

2.69 

3.91 

2.56 

11.9 

3.46 

1.94 

1.62 

-0  .02 

0.43 

0 

0 

11.9 

3.98 

3.97 

0.768 

9.86 

3.98 

5.95 

1.43 

7.86 

3.98 

7.93 

2.12 

5.86 

3.94 

9.90 

2.82 

3.88 

3.38 

11.9 

3.98 

-0  .04 

1.20 

,  V...  -  I'J-  ^ 

<  d" .  '\l  ?S  *•  '■'■  JVic 


lO.O 


o 

in 
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o 

o 
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O 
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TABLS  XIX.  Zinc  Crystal  Annealed  at  100*^C« 
Liquid  Nitrogen  Temperature. 


i 

1 


Loading 


Unloading 


Load 

103  gras. 

Change  in  length 
cm. 

Load 

10-^  gras. 

Change  in  length 
lO”*^  cm. 

0 

0 

11.9 

3.27 

3.9S 

0.619 

9.89 

3.20 

5.96 

1.30 

7.89 

3.17 

7.93 

1.88 

5.90 

2.86 

9.91 

2.58 

3.92 

2.31 

11.9 

3.27 

1.95 

1.52 

-0.02 

0.576 

2.00 

0 

11.9 

2. so 

3.99 

0.235 

9.90 

2. so 

5.97 

0.982 

7.90 

2.76 

7.96 

1.64 

5.92 

2 .44 

9.93 

2.12 

3.94 

1.75 

11.9 

2. SO 

1.97 

0.S12 

0.00 

0.00 

1.00 

0 

3.00 

0.064 

4.98 

0.597 

6.97 

0.918 

8.95 

1.52 

9.94 

1.86 

10.9 

2.26 

'11.9 

2.56 

13.0 

broke 

12.0 


0.50  1.00  1.5  0  ZOO  2.5  0  3.00  3.5  0  ^.OO 

Change  in  Length  (10“^  cm.) 

Fig.  XIX.  Zinc  Crystal  Annealed  at  100^  C. 

Liquid  Nitrogen  Temperature 
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TABLE  XX.  Aluminvun  Crystal  as  Received.  Temperatxare  21. ^*0. 
Loading  Unloading 


^Load 
10^  gras. 

Change  in  Length 

10*"^  cm. 

Load 

10^  gras. 

Change  in  Length 
10*^  cm. 

0 

0 

6.67 

3.66 

0.992 

0.214 

5.67 

3.66 

1.97 

0.766 

4.67 

3.66 

2.96 

1.26 

3.66 

3.55 

3.94 

1.66 

2.90 

2.95 

4.92 

2.44 

1.92 

2.22 

5.90 

3.03 

0.953 

1.39 

6.67 

3.66 

fi 

• 

0 

.405 

0 

0 

6.67 

3.70 

0.992 

0.235 

5.67 

3.70 

1.97 

0.790 

4.87 

3.70 

2.95 

1.30 

3.86 

3.61 

3.93 

1.92 

2.69 

3.06 

4.91 

2.50 

1.92 

2.20 

5.89 

3.06 

0.955 

1.26 

6.67 

3.70 

-0.010 

0.257 

0 

0 

0.990 

0.276 

1.97 

0.790 

2.95 

1.35 

3.93 

1.95 

4.91 

2.55 

5.69 

3.07 

6.67 

3.63 

7.85 

4.29 

6.62 

5.05 

Load  (10  gras 
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TABLE  XXI.  Aliiminvun  Crystal  as  Received.  Liquid  Nitrogen  Temperature. 


Loading 


Load 
10^  gms. 

0 

0.992 

1.9^ 

2.97 

3.96 

4.95 

5.94 

6.92 

7.91 

8.89 

9.87 


Change  in  Length 
10~3  cm. 

0 

0.214 

0.511 

0.810 

1.11 

1.43 

1.84 

2.26 

2.68 

3.17 

3.76 


0 

0.992 

1.98 

2.97 

3.96 

4.94 

5.93 

6.92 

7.91 

8.89 

9.87 


0 

0.214 

0.469 

0.830 

1.20 

1.58 

1.92 

2.28 

2.65 

3.01 

3.52 


Unloading 


Load 
10^  gms  e 

9.87 

8.87 

7.87 

6.88 

5.90 

4.91 

3.93 

2.95 

1.97 

0.986 

0 


Change  in  Length 
10~3  cm. 

3.76 

3.71 

3.63 

3.40 

2.93 

2.44 

1.92 

1.46 

0.980 

0.384 

0 


9.87 

8.87 

7.88 

6.89 

5.91 

4.92 
3.94 
2.96 
1.98 
0.995 

0 


3.52 

3.52 

3.37 

3.11 

2.65 

2.22 

1.66 
1.24 
0.680 
0.128 

0 


i 


(■: 


i" 
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table  XXI*  cont’d.  Aluminum  Crystal  as  Received* 

Liquid  Nitrogen  Temperature, 


Loading 


Load 
10-^  gms* 

0 

0*993 

1*9^ 

2*97 

3.96 

4.95 

5.93 

6.92 

7.90 

S.89 

9.87 

10.9 


Change  in  Length 
10-3  cm. 

0 

0.171 

0.426 

0.768 

1.15 
1.54 

1.99 

2.33 

2.73 

3.15  ' 

3.57 

4.21 


DOT 


1.00  150  2.00  2.50  3.00  3.50  4-00  4.30 

Change  in  Length  (10*^  cm.) 

Fig.  XXI.  Aluminum  Crystal  as  Received. 

Liquid  Nitrogen  Temperature. 


* 
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TABLE  XXII.  Aluminyn  Crystal  Annealed  at  200 °C. 

Temperature  22.$*^C. 

Loadi ng  Unloading 


Load 

10^  gms. 

Change  in  Length 

10“^  cm. 

Load 

10^  gms. 

Change  in  Length 
10"^  cm. 

0 

0 

4.92 

2.18 

1.00 

0.171 

4.42 

2.18 

1.9S 

0.640 

3.92 

2.18 

2.96 

1.20 

2.93 

2.01 

3.94 

1.71 

1.94 

1.82 

4*43 

1.96 

0.970 

0.852 

4.92 

2.18 

0 

0.256 

0 

0 

5.91 

2.65 

1.00 

0.107 

5.41 

2.65 

1.98 

0.553 

4.91 

2.65 

2.96 

1.11 

3.91 

2.45 

3.94 

1.62 

2.93 

2.03 

4.92 

2.11 

1.94 

1.62 

5.42 

2.39 

0.965 

1.00 

5.91 

2.65 

0 

0.340 

0 

0 

5.91 

2.56 

1.00 

0.107 

5.41 

2.56 

1.98 

0.531 

4.91 

2.56 

2.96 

1.02 

3.92 

2.26 

3.94 

1.56 

2.93 

2.00 

4.93 

2.05 

1.95 

1.26 

5.42 

2.30 

0.975 

0.747 

5.91 

2.56 

0 

0.171 
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TABLE  XXII.  cont’d.  Aluminum  Crystal  Annealed  at  200 ”C. 

^'eniperature 

Load  Change^in  Length 

10^  gms.  10“-^  cm. _ 

0  0 


1.00 

0.086 

1.9S 

0.490 

!  2.96 

1.03 

1  3.94 

1.56 

*  4.93 

2.05 

5.91 

2.52 

6.40 

2.81 

6.89 

3.21 

DOS 


O.SO  lOO  ISO  ^.OO  ^SO  iOO  5.50  ^OO 

Change  in  Length  (10“^  cm.) 

Fig.  XXII.  Aluminum  Crystal  Annealed  at  200^  C. 

Temperature  22.5^  C. 


-59- 


TABLE  XXIII.  Aluminum  Crystal  Annealed  at  200 ^C» 
Liquid  ijitrogen  Temperature 


Loading  Unloading 


Load 

10^  gms. 

Change^^in  Length 

10“^  cm. 

Load  Change.,  in  Length 

10^  gm.  10“^  cm. 

0 

0 

6.92 

2.29 

1.00 

0.171 

5.92 

2.27 

1.9d 

0.510 

4.92 

2.22 

2.97 

0.695 

3.94 

1.^4 

3.96 

1.22 

2.96 

1.03 

if. 95 

1.56 

1.97 

— 

5.93 

1.68 

0.960 

0.575 

6.92 

2.29 

0 

0 

0 

0 

7.90 

2.74 

0.992 

0.235 

6.90 

2.74 

1.96 

0.552 

5.90 

2.74 

2.97 

0.940 

4.91 

— 

3.95 

1.30 

3.93 

— 

4.94 

1.62 

2.95 

1.36 

5.93 

2.03 

1.96 

0.6g0 

6.92 

2.35 

0.994 

0.171 

7.90 

2.74 

0 

0 

f'j  r?  ^ 
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TABLE  XXIII.  cont’d.  Aluminum  Crystal  Annealed  at  200 ”C. 

Liquid  Nitrogen  Temperature 

Loading  Unloading 


Load 

10*^  gms. 

Change  in  Length 

10“^  cm. 

Load 

10^  ms» 

Change..in  Length 
10“^  cm. 

0 

0 

7.90 

2.73 

0.992 

0.235 

6.90 

2.73 

1.98 

0.510 

5.90 

2.73 

2.97 

0.895 

4.91 

2.65 

3.95 

1.28 

3.92 

2.31 

4.94 

1.62 

2.94 

— 

5.93 

2.00 

1.95 

1.11 

6.92 

2.39 

0.980 

0.597 

7.90 

2.73 

-.018 

0.235 

0 

0 

0.992 

0.213 

1.98 

0.597 

2.97 

0.980 

3.95 

1.41 

4.94 

1.79 

5.92 

2.15 

6.91 

2.55 

7.90 

2.89 

8.88 

3.41 

9.85 

4.25 

1 
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TABLE  XXIV.  Magnesium  Crystal  as  Received.  Temperature  21.6**C. 
Loading  Unloading 


Load 

10^  gms. 

Change..in  Length 

10“^  cm. 

Load 

103  gms. 

Change  .jin  Length 
lO"-^  cm. 

0 

0 

7.80 

5.62 

0.990 

0.385 

6.80 

5.62 

1.97 

0.983 

5.81 

5.42 

2.94 

1.71 

4.83 

4.73 

3.91 

2.48 

3.86 

4.05 

4.89 

3.24 

2.88 

3.50 

5.86 

4.00 

1.90 

2.93 

6.63 

4.75 

0.930 

2.18 

7.80 

5.62 

-0.045 

1.29 

0 

0 

7.82 

5.25 

1.00 

0.128 

7.32 

5.25 

1.98 

0.618 

6.82 

5.25 

2.95 

1.33 

5.84 

4.61 

3.93 

1.97 

4.86 

4.11 

4.90 

2.67 

3.88 

3.52 

5.88 

3.42 

2.90 

2.88 

6.85 

4.36 

1.92 

2.18 

7.33 

4.65 

0.935 

1.45 

7.82 

5.25 

0 

0 

v’>  > 


iy 
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TABLE  XXIV.  cont’d.  Magnesium  Crystal  as  Received. 

Temperature  21.6**C. 


Loading 


Load 
10^^  gms . 


Change  in  Length 
10^^  cm. 


0  0 


0.985 

0.426 

1.96 

1.09 

2.94 

1.80 

3.92 

2.40 

4.89 

3.12 

5.86 

3.85 

6.84 

4.56 

7.33 

4.95 

7.81 

5.33 

8.30 

5.75 

8.78 

6.23 

9.26 

6.86 

-  loading 

-  unloading 


too 


^00  >5.00  4:00  5.00 

Change  in  Length  (10“^  cm.) 

Fig.  XXIV.  Magnesium  Crystal  as  Received 
Temperature  21.6^  C. 


^.oo 


■^O 


-63- 


TABLE  XXV.  Magnesium  Crystal  as  Received.  Liquid  Nitrogen  Temperature. 


Loading 


Load 

10^  gms. 

0 

0.992 

1.97 
2.95 
3.93 
4.91 
5.89 
6.d7 
7.85 

0 

0.995 

1.98 
2.95 
3.93 
4.91 
5.89 
6.B7 
7.84 


Change  in  Length 
10~3  cm. 

0 

0.214 

0.810 

1.41 

1.97 

2.56 

3.21 

3.80 

4.40 

0 

0.150 

0.6B2 

1.30 

1.94 

2.63 

3.21 

3.82 

4.46 


Unloading 


Load 
103  gms. 


Change  in  Length 
10" 3  cm. 


7.85 

6.85 
5.87 
4.89 
3.91 
2.93 
1.95 
0.980 

0 


4.40 

4.27 

3.61 

3.14 

2.54 

1.98 

1.26 

0.597 

0 


7.84 

6.85 
5.87 
4.89 

3.91 

2.97 

1.95 

0.978 

0 


4.46 

4.37 

3.74 

3.05 

2.59 

1.95 

1.30 

0.620 

0 
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TABLE  XXV*  cont’d.  Magnesium  Crystal  as  Received  . 

Liquid  Nitrogen  Temperature. 


Loading  Unloading 


Load 

10-^  gms* 

Change.5in  Length 

10“-^  cm. 

Load 

10^  gras. 

Change  in  Length 
10"^  cm. 

0 

0 

9.80 

5.80 

0.995 

0.128 

9.30 

5.80 

1.97 

0.682 

8.80 

5.70 

2.95 

1.28 

7.82 

5.08 

3.93 

1.92 

6.84 

4.60 

4.91 

2.56 

5.86 

4.05 

5.S9 

3.23 

4.88 

3.40 

6.87 

3.82 

3.91 

2.67 

7.84 

4.49 

2.93 

2.05 

8.82 

5.10 

1.95 

1.43 

9.31 

5.46 

0.970 

0.790 

9.80 

5.80 

0 

0 

0 

0 

0.992 

0.213 

1.97 

0.832 

2.95 

1.50 

3.93 

2.11 

4.90 

2.82 

5.88 

3.45 

6.85 

4.15 

7.83 

4.75 

8.81 

5.40 

9.79 

10.8 

11.7 

12.3 

12-.7 

6.09 

6.78 

7.50 

7.90 

8;32 
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TABLE  XXVI •  Magnesium  Crystal  Annealed  at  200 

^eniperature  25#0*C« 


Loading 

Change  in  Length 

1  /*m 


Unloading 

Load  Chang e^in  Length 

10-^  gms#  10“*^  cm« _ 


0 

0 

4.69 

3.14 

1  1.00 

0.171 

4.39 

3.14 

1.97 

0.940 

3.69 

3.14 

2.94 

1.64 

2.90 

2.75 

3.92 

2.37 

1.93 

1.96 

i  4.40 

2.71 

0,955 

1.26 

4.69 

3.14 

-0.010 

0.363 

!  0 

0 

4.69 

3.14 

1.00 

0.065 

4.39 

3.14 

1.97 

0.766 

3.69 

3.14 

2.94 

1.64 

2.91 

2.65 

3.92 

2.39 

1.93 

2.01 

4.40 

2.73 

0.955 

1.30 

4.69 

3.14 

-0.010 

0.384 

0 

0 

4.69 

3.20 

1.00 

0.085 

4.39 

3.20 

"  1.97 

0.852 

3.69 

3.20 

■  2.94 

1.71 

2.91 

2.58 

3.91 

2.46 

1.94 

1.75 

4.40 

2.65 

0.960 

1.13 

:  4.69 

3.20 

0 

0 

J.  ■ 


i 


c  r^\ 

\  -j*. 


(  ' 


I 
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ri  ,'-  . 
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TABLE  XXVI.  cont’d.  Magnesium  Crystal  Annealed  at  2QQ**C. 

TemperatiJire  25*0*C« 


Loading 


Load 
10^  gms. 


Change^ in  Length 
10"-^  cm. 


0 

0 

1.00 

0.107 

1.97 

0.873 

2.94 

1.73 

3.91 

2.56 

4.88 

3.33 

5.37 

3.66 

5.85 

4.18 

6.33 

4.70 

6.82 

5.22 
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TABLE  XXVII .  Magnesium  Crystal  Annealed  at  200°C 

Liquid  Nitrogen  Temperature 


Loading 


Load 

10-^  gms. 

Change.- in  Length 

10“^  cm. 

Load 
10^  gms, 

0 

0 

5.87 

0.980 

0.553 

5.37 

1.96 

1.13 

4.87 

2.94 

1.75 

4.37 

3.92 

2.39 

3.87 

4.40 

2.75 

2.91 

4.89 

3.03 

1.94 

5.38 

3.36 

0.970 

5.87 

3.70 

0 

0 

0 

5.88 

0.990 

0.384 

5.38 

1.97 

0.940 

4.88 

2.94 

1.62 

4.38 

3.92 

2.29 

3.88 

4.41 

2.56 

2.91 

4.90 

2.87 

1.95 

5.39 

3.20 

0.985 

Unloading 

Change-in  Length 
10~-^  cm. 

3.70 

3.70 

3.70 

3.70 

3.63 

2.69 

1.66 

0.790 

0 

3.45 

3.45 

3.45 

3.45 

3.37 

2.53 

1.48 

0.490 
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TABLE  XXVII*  contM.  Magnesium  Crystal  Annealed  at  2Q0”C* 

Liquid  Nitrogen  Temperature 


Loading  Unloading 


Load 

10"^  gms* 

Change  in  Length 

10  ^  cm. 

O 

O 

CO 

•  1 

Change  in  Length 
10“^  cm. 

0 

0 

5.88 

3.41 

0.990 

0.341 

5.38 

3.41 

1.97 

0.875 

4.88 

3.41 

!  2.94 

1.56 

4.38 

3.41 

3.92 

2.22 

3.88 

3.32 

4.41 

2.48 

2.91 

2.70 

;  4.90 

2.77 

1.95 

1.50 

5.39 

3.10 

0.985 

0.470 

'  5.8a 

3.41 

0 

0 

0 

0 

0.985 

0.426 

i  1.95 

1.04 

2.94 

1.75 

3.91 

2.46 

4.89 

3.07 

5.87 

3.78 

6.36 

4.10 

6,85 

4.40 

7.-33 

4.82 

7.82 

5.23 

Load  { 10  gms 


Fig.  XXVII.  Magnesium  Crystal  Annealed  at  200^  C. 
Liquid  Nitrogen  Temperature 
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TABLE  XXVm. 

Brass  Crystal  Annealed  at 

500  *0 .  Temperature 

Loading 

Unloading 

^Torque 

10*^  gm.  cm. 

Angl|  of  Tvrist 
lO"  radians 

Angle  of  Twist 

10“ 2  radians 

0 

0 

0.130 

1.30 

0.570 

0.700 

2.60 

1.12 

1.28 

3.90 

1.70 

1.86 

5,20 

2.21 

2.41 

6.50 

2.75 

2.98 

7.60 

3.32 

3.51 

8.32 

3.52 

3.71 

8.84 

3.76 

3.87 

9.36 

4.00 

4.00 

*  0 

0 

0.010 

j  1.30 

0.555 

0.640 

2.60 

1.12 

1.23 

1  3.90 

1.69 

1.81 

I  5.20 

2.20 

2.35 

6.50 

2.73 

2.90 

7.80 

3.29 

3.45 

8.32 

3.52 

3.65 

8.84 

3.76 

3.81 

9.36 

3.94 

3.94 
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TABLE  XXVIII.  cont’d.  Brass  Crystal  Annealed  at  500 

Temperature 


Loading 

Unloading 

Torque 

10-^  m*  cm. 

Angle  of  Twist 

10“"^  radians 

Angle  of  Twist 
10“^  radians 

0 

0 

0.750 

1.30 

0.555 

1.38 

2.60 

1.10 

1.95 

3.90 

1,63 

2.55 

5.20 

2.20 

3.09 

6.50 

2.76 

3.68 

7.80 

3.35 

4.21 

9.10 

3.91 

4.72 

10.4 

5.09 

5.09 
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TABLE  XXIX. 

Brass  Crystal  Annealed 

at  500 *0. 

Liquid  Nitrogen  Temperature. 

Loading:: 

Unloading 

Torque 

10^  gra.  cm* 

Angle  of  Twist 

10“*^  radians 

Angle  of  Twist 
10"^  radians 

0 

0 

0.615 

0.260 

0.710 

1.86 

0.520 

1.61 

3.02 

0.780 

2.61 

4.73 

1.04 

3.65 

6.55 

1.30 

4.89 

7.95 

1.56 

5.83 

9.11 

1.62 

6.64 

9.44 

2.06 

7.81 

9.56 

2.34 

6.66 

9.58 

2.60 

9.56 

9.58 

0 

0 

0.620 

0.260 

0.335 

2.06 

0.520 

1.26 

3.05 

0.780 

2.22 

4.85 

1.04 

3.14 

6.58 

1.30 

4.04 

7.89 

1.56 

4.98 

8.59 

1.62 

5.98 

8.63 

2.06 

6.79 

8.68 

2.34 

7.68 

6.94 

2.60 

8.94 

6.94 
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TABLE  xxii.  contM.  Brass  Crystal  Annealed  at  500*C^ 

Liquid  Nitrogen  Teraperature  ♦ 


Loading!: 

Unloading: 

Torque 

10^  era.  cm* 

Angle  of  Twist 

10"^  radians 

Angle  of  Twist 
10“^  radians 

0 

0 

0.885 

0.260 

0.555 

.  2.10 

0.520 

1.56 

3.44 

0.780 

2.53 

5.09 

1.04 

3.52 

6.83 

1.30 

4.53 

8.39 

1.56 

5.49 

9.55 

1.82 

6.44 

10.14 

2.08 

7.38 

10.35 

2.34 

8.25 

10.39 

2.60 

9.24 

10.42 

2.86 

10.42 

10.42 

^.scx 
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TABLE  XXX  . 

Brass  Crystal,  He  a  ted  at 

500 ®C.  and  Quenched 

Liquid  Nitrogen  Temperature. 

Loading 

Unloading 

Torque 

10^  m.  cm. 

Angle  of  Twist 

10”^  radians 

Angle  of  Twist 
10"^  radians 

0 

0 

0.660 

0.260 

0.975 

1.77 

0.520 

2.12 

2.86 

0.780 

3.22 

4.18 

1.04 

4.40 

5.33 

1.30 

5.40 

6.47 

1.56 

6.52 

7.47 

1.82 

7.83 

7.83 

0 

0 

0.030 

0.260 

0.975 

1.08 

0.520 

1.87 

2.36 

0.780 

3.23 

3.53 

1.04 

4.17 

4.75 

1.30 

5.25 

5.92 

1.56 

6.36 

6.87 

1.82 

7.34 

7.34 
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TABLE XXXconttl,  Brass  Crystal,  H  e  a  t  ed  at  500 ®C.  and  Quenched. 

- Lfquld  Nitrogen-TefflpCTatxir^: - 


Loading 

Torque  Angle  of  Twist 

A  gm.  cm.  10  ^  radians 

Unloading 

Angle  of  Twist 
10“ 2  radians 

0 

0 

0.220 

0.260 

1.09 

1.28 

0.520 

2.02 

2.55 

0.7S0 

3.17 

3.75 

1.04 

4.25 

4.94 

1.30 

5.41 

6.07 

1.56 

6.40 

7.09 

1.82 

7.49 

7.49 

0 

0 

0.14 

0.260 

0.950 

1.40 

0.520 

1.90 

2.50 

0.780 

3.20 

3.75 

1.04 

4.19 

4.99 

1.30 

5.30 

6.13 

1.56 

6.39 

7.77 

1.82 

7.39 

8.27 

2.08 

8.61 

8.61 

5.od 
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0 
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TABLS  XXXI  .  Brass  Crystal  Annealed  at  500**^,  and  Quenched 
from  Temperature 


Loading 

Torque  Angle  of  Tvd.st 

10-^  gm.  cm.  10*2  radians 

yoLoadiofi 

Angle  of  Tvd.st 
10“2  radians 

0 

0 

0.500 

2.60 

1.17 

1.32 

5.20 

2.40 

2.56 

7.80 

3.61 

3.79 

9.10 

4.17 

4.40 

10.4 

4.79 

4.95 

11.7 

5.36 

5.51 

13.0 

5.91 

5.91 

0 

0 

0.30 

2.60 

1.16 

1.75 

5.20 

2.35 

2.51 

7.30 

3.55 

3.72 

9.10 

4.16 

4.35 

10.4 

4.75 

4.94 

11.7 

5.32 

5.46 

13.0 

5.86 

5.86 

0 

0 

0.530 

2.60 

1.17 

1.87 

5.20 

2.36 

3.06 

7.30 

3.53 

4.26 

10.4 

4.73 

5.42 

11.7 

5.27 

6.01 

13.0 

5.83 

6.63 

14.3 

6.98 

6.98 

1 


\2.di 


bO 

C 

hO 

♦H 

C 

•H 

cd 

Ti 

o 

cd 

rH 

o 

C 

r-i 

:3 

{•mo  'uiS  ^01)  snbjoj, 


oo  i.oo  i.oo  4^.00  5.00  fe.oo  7:00  a.oo 

Angle  of  Twist  (10"^  radians) 

Fig.  XXXI.  Brass  Crystal  Annealed  at  500^  C.  and  Quenched  from  450°  C. 

Temperature  22*0^  C. 
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TABLE  XXXII. 

Brass  Crystal  Annealed  at 

500 *0,  and  Quenched 

from  450*C.  Liauid  Nitrogen  Temoerature 

Loadine: 

Unloading 

Torque 

10^  ^m.  cm. 

Angle  of  Twist 

10“^  radians 

Angle  of  Twist 
lO”^  radians 

0 

0 

0.020 

0.260 

1.11 

1.23 

0.520 

2.36 

2.45 

0.7^0 

3.46 

3.64 

1.04 

4.50 

4.S6 

1.30 

5.80 

6.02 

1.43 

6.37 

6.55 

1.56 

6.98 

7.20 

1.69 

7.52 

7.80 

1.62 

8.02 

8.33 

1.95 

8.66 

8.84 

2.08 

9.20 

9.20 

0 

0 

0.02 

0.260 

1.14 

1.23 

0.520 

2.25 

2.43 

0.780 

3.44 

3.60 

1.04 

4.59 

4.83 

1.30 

5.75 

5.95 

1.56 

6.93 

7.11 

1.82 

8.00 

8.25 

2.08 

9. IS 

9.18 
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TABLE  XXXII. 

cont’d. 

Brass  Crystal  Annealed  at  500*C, 

Quenched  from  450"^. 

Liquid  Witrogen  Temperature. 

Loading: 

Unloading 

Torque 

10^  gm,  cm. 

Angle 

10-2 

of  Twist  Angle  of  Twist 

radians  10"^  radians 

0 

0 

0.110 

0.260 

1.12 

1.37 

0.520 

2.28 

2.52 

0.780 

3.43 

3.73 

1.04 

4.56 

4.96 

1.30 

5.78 

6.12 

1.56 

6.88 

7.26 

1.82 

8.01 

8.37 

2.08 

9.17 

9.45 

2.21 

9.77 

9.77 

and 


3.00 


Liquid  Nitrogen  Temperature 


i 

i 
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TABLS  XXXIII.  Brass  Crystal  Annealed  at  500^*8.  and 

Quenched  from  400**C>  Temperature  22. ^"*0, 


Loading 

Torque  Angle  of  Twist 

10^  gm.  cm.  10“2  radians 

Unloading 

Angle  of  Twist 
10*2  radians 

0 

0 

0.320 

2.60 

1.17 

1.62 

5.20 

2.33 

2.88 

7. so 

3.53 

4.03 

9.10 

4.11 

4.63 

10.4 

4-.S4 

5.21 

11.7 

5.37 

5.72 

13.0 

6.01 

6.01 

0 

0 

0.050 

2.60 

1.16 

1.35 

5.20 

2.35 

2  jSO 

7.^0 

3.52 

3.75 

9.10 

4.06 

4.33 

10.4 

4.61 

4.91 

11.7 

5.21 

5.43 

13.0 

5.73 

5.73 

.i 
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TABLE  XXXm.  cont’d.  Brass  Crystal  Annealed  at  500 and 

Quenched  from  400 Temperature  22, 


Loading 

Unloading 

Torque  Angle  of  Tvd-St 

lOZffDUcm.  radians 

Angle  of  Twist 
10“2  radians. 

0 

0 

0.030 

2.60 

1.15 

1.32 

5*20 

2.35 

2.54 

7.80 

3.49 

3.70 

9.10 

4*04 

4.27 

10.4 

4.65 

4.87 

11.7 

5.19 

5.40 

13.0 

5.71 

5.71 

0 

0 

0.110 

2.60 

1.17 

1.42 

5.20 

2.32 

2.65 

7.80 

3.47 

3.82 

9.10 

4.03 

4.46 

10.4 

4.62 

4.99 

11.7 

5.18 

5.62 

13.0 

5.67 

6.12 

14.3 

6.22 

6.61 

15.6 

6.92 

6.92 
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TABLE  XXXIV. 

Brass  Crystal  Annealed  at  500 ^C.  and  Quenched 

from  400 ®C. 

Liquid  Nitrogen  Temperature. 

Loadins 

Unloading 

Torque 

Angle  of  Twist 

Angle  of  Twist 

10^  gm.  cm. 

10~2  radians 

10"2  radians 

0 

0 

0.120 

0,260 

1.11 

1.31 

0.520 

2.22 

2.43 

0.7S0 

3.36 

3.61 

1.04 

4.47 

4.76 

1.17 

5.10 

5.35 

1.30 

5.66 

5.92 

i.w 

6.22 

6.51 

1.56 

6.77 

7.00 

1.69 

7.35 

7.52 

1.32 

7.^7 

7.87 

0 

0 

0 

0.260 

1.10 

1.15 

0.520 

2.20 

2.30 

0.780 

3.28 

3.49 

1.04 

4.39 

4.60 

1.17 

4.99 

5.21 

1.30 

5.55 

5.80 

1.43 

6.10 

6.34 

1.56 

6.64 

6.85 

1.69 

7.22 

7.36 

1.82 

7.70 

7.70 
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TABLE  XXXIV. 

contM.  Brass  Crystal  Annealed  at  500  *0.  and  Quenched 

from 

400 *C.  Liquid  NitroEen  Temperature. 

Loading 

UnloadinE 

Torque 

10^  Em.  cm. 

Angle  of  Twist 
10“^  radians 

Angle  of  Twist 
lO"*^  radians 

0 

0 

0 

0.260 

1.10 

1.17 

0.520 

2.20 

2.37 

0.780 

3.34 

3.55 

1.04 

4*42 

4.71 

1.30 

5.56 

5.80 

1.56 

6.64 

6.90 

1.82 

7.65 

8.02 

1.95 

8.21 

8.55 

2.08 

8.88 

8.88 

0 

0 

0.260 

1.09 

0.520 

2.21 

0.780 

3.33 

1.04 

4.44 

1.30 

5.59 

1.56 

6.65 

1.82 

7.64 

1.95 

8.24 

2.08 

8.80 

2.21 

9.36 

2.34 

9.92 

2.47 

10.5 

2.60 

11.1 

2.73 

11.7 

2.86 

12.8 

^.5d 


Fig.  XXXIV.  Brass  Crystal  Annealed  at  500°  C.  and  Quenched  from  400 

Liquid  Nitrogen  Temperature 
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TABLE  XXXV  .  Brass  Crystal  H  e  a  ted  at  575*C,  and  Quenched. 

Temperature  22.4*^* 


Loading 

Unloading 

Torque 

10^  gm.  cm. 

Angle  of  Twist 

10“^  radians 

Angle  of  Twist 
10“^  radians 

0 

0 

0.061 

2.60 

1.17 

1.31 

5.20 

2.32 

2.55 

6.50 

2.92 

3.18 

7.80 

3.44 

3.75 

9.10 

3.94 

4.30 

10.4 

4.40 

4.78 

11.7 

5.00 

5.00 

0 

0 

0.061 

1.30 

0.565 

0.661 

2.60 

1.16 

1.27 

3.90 

1.77 

1.92 

5.20 

2.38 

2.54 

6.50 

2.94 

3.15 

7.80 

3.49 

3.74 

9.10 

4.05 

4.30 

10.4 

4.56 

4  .80 

11.7 

5.11 

5.11 
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TABLE  XXXV  .cont’d.  Brass  Crystal  He  ated  at  575*^.  and 

"Quenched ♦  Temperature  2^ ,4*^ « 


Loading 

Unloading 

Torque 

10^  gm.  cm. 

An^e  of  Twist 

10*2  radians 

Angle  of  Twist 
10“ 2  radians 

0 

0 

0.101 

2.60 

1.17 

1.35 

5.20 

2.35 

2.58 

6.50 

2.96 

3.22 

7.^0 

3.53 

3.79 

9.10 

4.05 

4.33 

10.4 

4.55 

4.85 

11.7 

5.12 

5.12 

0 

0 

0.530 

1.30 

0.555 

1.12 

2.60 

1.15 

1.77 

3.90 

1.75 

2.41 

5.20 

2.36 

2.98 

6.50 

2.93 

3.61 

7.^0 

3.53 

4.22 

9.10 

4.03 

4.78 

10.4 

4.55 

5.33 

11.7 

5.03 

5.78 

13.0 

5.93 

5.93 

iz.d 


l.OO  a..OO  5.00  4.00  5.00  ^».00  7  00  8.00 

Angle  of  Twist  (10"2  radians) 

Fig.  XXXV.  Brass  Crystal  Heated  at  575^  C.  and  Quenched. 
Temperature  22.4®  C. 
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TABLE  XXX  VI. 

Brass  Crystal  H  e  a  ted  at 

575 and  Quenched 

Liquid  Nitrogen  I'l 

emperature. 

Loading 

Hnlgading 

Torque 

10^  gm.  cm. 

Angle  of  Tvd.st 

10*^  radians 

An^e  of  T^ist 

10“2  radians 

0 

0 

0.066 

0.260 

1.10 

1.23 

0.520 

2.23 

2.39 

0.7g0 

3.37 

3.56 

1.04 

4.42 

4.75 

1.17 

5.03 

5.27 

1.30 

5.60 

5.86 

1.43 

6.15 

6.38 

1.56 

6.77 

6.96 

1.69 

7.30 

7.50 

1.82 

7.81 

7.61 

0 

0 

0.705 

0.260 

1.11 

1.87 

0.520 

2.24 

3.03 

0.780 

3.36 

4.16 

1.04 

4.44 

5.29 

1.30 

5.60 

6.55 

1.56 

6.67 

7.62 

1.82 

7.76 

6.75 

1.95 

8.45 

9.25 

2.08 

9.48 

9.46 

i 

{ 

! 

( 
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TABLE  XXXVII. 

Copper  Crystal  Annealed  at 

195"C. 

Temperature  23.8®C. 

Loading:: 

Unload!  nje; 

Torque 

10^  OT.  cm. 

Angle  of  Twist 

10" 2  radians 

Angle  of  Twist 
10”“^  radians 

0 

0 

0.840 

6.50 

2.75 

3.65 

7. SO 

3.31 

~ 

9.10 

3.S6 

4.56 

10.4 

4.39 

4.94 

11.7 

4. Si 

5.30 

13.0 

5.41 

5.41 

0 

0 

0.44 

6.50 

2.43 

3.35 

7. SO 

2.91 

3.79 

9.10 

3.34 

— 

10.4 

3.79 

4.75 

11.7 

4.32 

5.24 

13.0 

4.79 

5.69 

14.3 

5.2S 

5.SS 

15.6 

5.SS 

5.S8 
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TABLE  IXXVIII. 

Copper  Crystal  Annealed  at 

195*0. 

Liquid  Nitrogen  Temperature 

Loading 

Unloading 

2Torque 

10^  gm.  cm. 

Angle  of  Twist 

10“ 2  radians 

Angle  of  Twist 
10*'^  radians 

0 

0 

0 

6.50 

2.19 

2.43 

7.60 

2.60 

2.94 

9.10 

3.25 

3.39 

10.4 

3.67 

3.62 

11.7 

4.19 

4.36 

13.0 

4.65 

4.65 

0 

0 

6.50 

2.20 

7.60 

2.64 

9.10 

3.22 

10.4 

3.65 

11.7 

4.16 

13.0 

4.62 

14.3 

5.33 

15.6 

5.65 

16.9 

6.57 

Fig.  XXXVIII.  Copper  Crystal  Annealed  at  195°  C. 
Liquid  Nitrogen  Temperature 


) 

I 
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TABLE  XXXIX. 


Copper  Crystal  Annealed  at  500  *C 

Temperature  2l»6*C. 


Loadin/s: 

-Torque  Angle  of  Twist 

10"^  gm.  cm.  10"*2  radians 

Unloading 

Angle  of  Twist 
10~2  radians 

0 

0 

0.355 

1.30 

0.550 

0.785 

2.60 

1.06 

1.36 

3.90 

1.67 

1.91 

5.20 

2.15 

2.45 

6.50 

2.62 

2.91 

7.S0 

3.03 

3.44 

9.10 

3.65 

3.92 

10.4 

4.31 

4.31 

0 

0 

0.175 

1.30 

0.475 

0.555 

2.60 

1.04 

1.10 

3.90 

1.58 

1.64 

5.20 

1.94 

2.15 

6.50 

2.47 

2.58 

7.80 

3.11 

2.98 

9.10 

3.50 

3.39 

10.4 

3.87 

3.87 
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TABLE  XXXIX.  cont’d.  Copper  Crystal  Annealed  at  50Q°C. 

Temperature  21,6*^C. 


Loading; 


pTorque 

10^  CT.  cm. 

Angle  of  Twist 
10“^  radians 

0 

0 

1.30 

0.300 

2.60 

0.895 

3.90 

1.40 

5.20 

1.84 

6.50 

2.39 

7.80 

2.86 

9.10 

3.31 

10.4 

3.88 

11.7 

elastic  limit 
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TABLE  XL.  Copper  Crystal  Annealed  at  500 *C. 

Liquid  Nitrogen  Temperature 


Loading 

Torque 
10^  gm.  cm. 

0 

2.60 

3.90 

5.20 

6.50 

7.60 

9.10 

10.4 

11.7 

0 

2.60 

3.90 

5.20 

6.50 

7.80 

9.10 

10.4 

11.7 


Angle  of  Twist 
10~^  radians 


Unloading 

Angle  of  Twist 
10~2  radians 

0.22 

1.26 

1.73 

2.24 

2.81 

3.28 

3.81 

4.32 

4.66 

0 

0.995 

1.40 

1.90 

2.46 

2.95 
3.45 

3.95 

4.33 


0 

0.940 

1.48 

1.93 

2.48 

2.98 

3.47 

3.87 

4.66 

0 

0.905 

1.40 

1.84 

2.35 

2.89 

3.39 

3.86 

4.33 


) 


V 
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TABLE  XL.  contM.  Copper  Crystal  Annealed  at  500 *C. 

Liquid  Nitrogen  Temperature 


Loading: 

^Torque  Angle  of  Twist 

10"^  gm.  cm.  10“^  radians 

Unloadinj^ 

Angle  of  Twist 
10*2  radians 

0 

0 

0.11 

2.60 

0.905 

1.10 

3.90 

1.46 

1.56 

5.20 

1.97 

2.05 

6.50 

2.46 

2.61 

7.80 

2.90 

3.13 

9.10 

3.42 

3.65 

10.4 

3.87 

4.10 

11.7 

4.36 

4.36 

0 

0 

2.60 

0.940 

3.90 

1.40 

5.20 

1.89 

6.50 

2.39 

7.80 

2.84 

9.10 

3.34 

10.4 

3.85 

11.7 

4.34 

13.0 

4.72 

14.3 

elastic  limit 

u.d 


Fig.  XL.  Copper  Crystal  Annealed  at  500 
Liquid  Nitrogen  Temperature 
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TABLE  XLI ♦  Aluminum  Crystal  as  Received,  Temperature  22«B*C. 


Loading 

Torque  Angle  of  Twist 

10^  gm.cm.  10“^  radians 

Unloading 

Angle  of  Twist 
10“^  radianf 

0 

0 

0.110 

2.60 

0.585 

0.^25 

5.20 

1.22 

1.3a 

6.50 

1.52 

1.70 

7.80 

1.83 

1.9^ 

9.10 

2.12 

2.12 

0 

0 

0.055 

2.60 

0.505 

0.760 

5.20 

1.13 

1.27 

6.50 

1.45 

1.61 

7.80 

1.73 

1.87 

9.10 

1.99 

1.99 

0 

0 

0 

2.60 

0.470 

0.710 

5  .20 

1.09 

1.25 

6.50 

1.42 

1.55 

7.80 

1.72 

1.81 

9.10 

2.02 

2.02 
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I  TABLE  XLI.  cont'd 


Aluminum  Crystal  as  Received 

Temperature  22.8”C7 


Loading 

^Torque  Angle  of  Twist 

10"^  gm,  cm.  10~^  radians 


0 

I  2.60 
5.20 
■  7.80 
9.10 
1/  10.4 
I  11.7 

:T 


0 

0.490 

1.06 

1.70 

1.96 

2.21 

2.61 

3.80 


I? 


I 


h 


i 


Torque  (10  gra.  cm. 


id.Q 


ib.c 


1  i-.o 


1^.0 


LO.Q 


8.0C 


b.OC 


4tOC 


0.5  0 


1.00 


1.50 


^.OO 


-2 


>^.50 


Angle  of  Twist  (10  radians) 


Fig.  XLI .  Aluminum  Crystal  as  Received. 
Temperature  22.8^  C. 


I 

) 
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TABLE  XLII.  Aluminum  Crystal  as  Received.  Liquid  Nitrogen  Temperature 
Loading  Unloading 


Torque 

10^  m*  cm* 

Angle  of  Twist 

10*^  radians 

Angle  of  Twist 
10’^  radians 

0 

0 

0.065 

2.60 

0.500 

0.665 

5.20 

1.02 

1.22 

7.80 

1.47 

— 

10.4 

1.94 

2.22 

13.0 

2.57 

2.57 

0 

0 

0.040 

2.60 

0.500 

0.600 

5.20 

1.05 

1.18 

7.80 

1.45 

1.65 

10.4 

1.95 

2.15 

13.0 

2.50 

2.50 

0 

0 

0.010 

2.60 

0.510 

0.585 

5.20 

1.06 

1.16 

7.80 

1.46 

1.56 

10.4 

1.96 

2.06 

13.0 

2.44 

2.44 

0 

0 

5.20 

1.05 

10.4 

2.00 

13.0 

2.60 

14.3 

3.15 

15.6 

4.25 

■% 


■0  >ii 


.T.a 


/ 


■‘in 


irt 


Torque  (10  gm.  cm.) 


Fig.  XLII.  Aluminum  Crystal  as  Received. 
Liquid  Nitrogen  Temperature 
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TABLE  XLIII*  Aluminum  Crystal  Annealed  at  200^0, 

Temperature 


Loading 

Torque  Angle  of  Tvd  st 

10^  gm.  cm.  10“2  radians 

Unloading 

Angle  of  Twist 
10*2  radians 

0 

0 

0.055 

1.30 

0.260 

0.'^90 

2.60 

0.525 

0.650 

3.90 

0.790 

0.925 

5.20 

1.07 

1.19 

6.50 

1.39 

1.39 

0 

0 

0.045 

1.30 

0.255 

0.380 

2.60 

0.530 

0.640 

3.90 

0.800 

0.895 

5.20 

1.08 

1.15 

6.50 

1.40 

1.40 

0 

0 

0.230 

1.30 

0.255 

0.505 

2.60 

0.510 

0.795 

3.90 

0.760 

1.06 

5.20 

1.09 

1.35 

6.50 

1.44 

1.44 

0 

0 

1.30 

0.225 

2.60 

0.505 

3.90 

0.770 

5.20 

1.09 

6.50 

1.37 

7. SO 

2.02 

■;  y 


'  J 

•i  ' 


. ) 


■ 


'i 


1 


::|V  ' 


..y-lipfi 


,:}mmm- . 


'Ib'iilllc.j* 


Torque  (10  g«*  c" 


Fig.  XLIII.  Aluminum  Crystal  Annealed  at  200®  C. 

Temperature  23. U'’  C. 
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TABLE  XLIV. 

Aluminum  Crystal  Annealed  at  200 

"C. 

Liquid  Nitrogen  Temperature 

Loadini^: 

Unloading 

Torque 

10"^  gm.  cm* 

Angle  of  Twist 

10“ 2  radians 

Angle  of  Twist 
10“2  radians 

0 

0 

0.035 

1.30 

0.275 

0.335 

2.60 

0.545 

0.600 

3.90 

0.790 

0.860 

5.20 

1.03 

1.10 

6.50 

1.30 

1.30 

0 

0 

0.005 

1.30 

0.2  AO 

0.305 

2.60 

0.520 

0.555 

3.90 

0.770 

0.810 

5.20 

1.02 

1.06 

6.50 

1.27 

1.27 

0 

0 

0.010 

1.30 

0.255 

0.310 

2.60 

0.525 

0.560 

3.90 

0.770 

0.810 

5.20 

1.01 

1.05 

6.50 

1.26 

1.26 
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TABLE  XLIV.  cont’d.  Aluminum  Crystal  Annealed  at  200 *C. 

Liquid  tJitrogen  Temparature 


Loading 


Torque 
10^  gm>  cm. 


An^e  of  Twist 
10^^  radians 


0 

0 

1.30 

0.250 

2.60 

0.520 

3.90 

0.755 

5.20 

1.00 

6.50 

1.25 

7.80 

1.54 

9.10 

2.05 

Torque  (10  gm.  cm. 


Fig.  XLIV,  Aluminum  Crystal  Annealed  at  200^  C, 
Liquid  Nitrogen  Temperature 
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TABLE  XLV •  Magnesium  Crystal  as  Received.  Temperature  24*0 


Loading 


Torque 
10^  gm>  cm> 


Angle  of  Twist 
10* radians 


0 

1.30 

2.60 

3.90 

4.42 

4.94 

5.46 


0 

0.990 

2.36 

3.60 

4.09 

4.76 

5.46 


0 

2.60 

3.90 

5.20 

6.50 


0 

2.21 

3.68 

5.15 

6.56 


0 

2.60 

3.90 

5.20 

6.50 


0 

2.38 

3.78 

5.19 

6.83 


Unloadl ng 

Angle  of  Twist 
10~^  radians 

0.49 

1.88 

3.14 

4.45 
4.90 

5.46 
0 

2.94 

4.38 

5.81 

6.56 

0.15 

3.20 

4.65 

5.85 

6.83 


0 

2.60 

5.20 

7.80 

9.10 

10.4 

11.7 


0 

2.46 

5.51 

8.38 

10.2 

11.8 

14.6 


O^T 


^<^0  ^.00  ^OO  8.00  10.0  1  ;i.O  14:0  Ife.O  1  &.0 

-2 

Angle  of  Twist  (10  radians) 

Fig*  XLV.  Magnesium  Crystal  as  Received. 

Temperature  24.0^  C. 


i 
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TABLE  XLVI. 

Magnesium  Crystal 

as  Received. 

Liquid  Nitrogen 

Temperature . 

Loading 

Unloading 

Torque 
lO'^  gm.  cm. 

Angle  of  Twist 
10"^  radians 

Angle  of  Twist 
10“^  radians 

0 

0 

0.300 

1.30 

1.00 

1.40 

2.60 

2.20 

2.75 

3.90 

3.27 

3.76 

5.20 

4.68 

4.68 

0 

0 

0.500 

2.60 

2.10 

2.94 

3.90 

3.25 

4.38 

5.20 

4.50 

5.55 

6.50 

5.70 

6.76 

7.60 

7.20 

7.20 

0 

0 

0.050 

2.60 

2.05 

2.55 

3.90 

3.35 

3.83 

5.20 

4.56 

5.05 

6.50 

5.70 

6.20 

7.60 

6.95 

6.95 
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TABLE  XLVI .  cont’d.  Magnesium  Crystal  as  Received, 

Liquid  Nitrogen  Temperature. 


Loading 


Torque 
10^  gni«  cm^ 

0 

2,60 

5.20 

7.^0 

9.10 

10.4 

11.7 

13.0 


Angle  of  Twist 
10"^  radians 

0 

2.13 

4.53 

6.92 

B.6B 

10.1 

11.4 

13.5 
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73 
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TABLE  XLVII .  Magnesium  Crystal  Annealed  at  200**C« 

Temperature  25«5**C. 


Loading 

Unloading 

Torque  Angle  of  Twist 

10^  gm.  cm.  10“^  radians 

Angle  of  Twist 
10*^  radians 

0 

0 

0.125 

1.30 

1.09 

1.56 

2.60 

2.30 

2.86 

3.90 

3.45 

3.80 

4.16 

3.65 

3.95 

4*42 

3.85 

4.05 

4  • 

4.10 

4.10 

0 

0 

0.095 

1.30 

1.13 

1.52 

2.60 

2.32 

2.79 

3.90 

3.43 

3.77 

4.16 

3.68 

3.92 

4.42 

3.91 

4.07 

4.68 

4.13 

4.13 

0 

0 

0.065 

1.30 

1.10 

1.4S 

2.60 

2.28 

2.7S 

3.90 

3.46 

3.73 

4.16 

3.67 

3.88 

4.42 

3.94 

3.99 

4.68 

4.07 

4.07 
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TABLE  XLVII .  cont’d.  Magnesium  Crystal  Annealed  at  200 

Temperature  25«5**C. 


Loading 


Torque 
10^  gm. 


cm. 


Angle  of  Twist 
10'“^  radians 


0 

0 

1.30 

1.07 

2.60 

2.37 

3.90 

3.46 

5.20 

4. Si 

6.50 

6.08 

7. SO 

7.30 

9.10 

10.2 

Torque  (10  gm.  cm 


J.OQ 


B.oo 


5^00 


6.00 


5.00 
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TABLE  XLVIII. 

Magnesium  Crystal  Annealed 

at  200 *0. 

Liquid  Nitrogen  Temperature. 

Loading 

Unloading 

Torque 

10^  OTi.  cm. 

Angle  of  Twist 

10“2  radians 

Angle  of  Twist 
10*2  radians 

0 

0 

0 

1.30 

0.950 

1.16 

2.60 

2.12 

2.42 

3.90 

3.12 

3.42 

4.42 

3.56 

3.85 

4.94 

4.16 

4.16 

0 

0 

0.040 

1.30 

0.975 

1.53 

2.60 

2.19 

2.72 

3.90 

3.33 

3.75 

4.42 

3.78 

4.14 

4.94 

4.33 

4.33 

0 

0 

0.015 

1.30 

1.07 

1.32 

2.60 

2.17 

2.53 

3.90 

3.32 

3.56 

4.42 

3.72 

3.96 

4.94 

4.25 

4.25 

0 

0 

1.30 

1.01 

2.60 

2.13 

3.90 

3.24 

5.20 

4.42 

6.50 

5.71 

7.80 

7.38 

:  ■ 


I  r  ('‘'''V  ,  '■ 


•> 


f.  ‘  A  V  .  ,  cf'fc;i'V*T 

'A';-''  ■"' 


Torque  (10  gm.  cm 


aoq 


Fig,  XLVIII,  Magnesium  Crystal  Annealed  at  200^  C, 
Liquid  Nitrogen  Temperature 
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/ 
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TABLE  XLIX,  Youngs s  Modulus  and  Elastic  Limit:  Brass  Crystal 


Condition 


Temperature 

•C. 


(10^  dyne s/cm, (lO^dynes/cm 


2  Elgstic  Limi^ 


As  Received 

24.0 

2.13 

l.S 

Annealed  at  500 ®C. 

28.1 

3.29 

1.3 

-196 

2.98 

Heated  at  500 *0. 
and  Quenched 

22.5 

2.47 

1.4 

-196 

2.22 

Annealed  at  500 ®C. 
and  Quenched  from  450®C. 

22.1 

1.76 

l.B 

-196 

2.06 

Annealed  at  500 
and  Quenched  from  400®C. 

22.4 

2.44 

1.7 

-196 

2.44 

Heated  at  575 
and  Quenched 

22.4 

2.76 

2.2 

-196 

2.39 

TABLE  L.  Young’s  Modulus 

and  Elastic 

Limit ;  Copper 

Crystal 

Condition 

Temperature 

®C. 

11  ^ 

(10  dynes/cm. 

2 

istlc  Limit^ 

^  dyne  s/cm. 

As  Received 

27.9 

5.27 

1.1 

Annealed  at  195 *C. 

28.1 

5.14 

1.1 

-196 

5.28 

1.3 

Annealed  at  500®C. 

21.1 

6.24 

1.7 

-196 

6.08 
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TABLE  LI.  Youngs s  Modulus  and  Elastic  Limit:  Zinc  Crystal 


Condition 

Temperature 

-C  (10 

dynes/cm. ^ ! 

Elastic  Limit 
)  (10^  dynes/cm. ‘ 

As  Received 

28.1 

7.^7 

1.5 

Annealed  at  100 ®C. 

25.0 

4.29 

1.4 

-196 

4.45 

1 .7 (break 
poin 

TABLE  LII.  Youns»s 

Modulus  and  Elastic  Limit:  Magnesium  Crystal 

Condition 

Temperature  -i -i 
'C  (10 

Y 

dynes/ cm ) 

Elastic  Limit^ 
(10°  dynes/cm. 

As  Recei’ved 

21.6 

2.20 

1.2 

-196 

2.53 

1.4 

Annealed  at  200 ®C. 

25.0 

2.17 

0.^4 

-196 

2.54 

1.1 

TABLE  LIII.  Youn^» 

s  Modulus  and  Elastic  Limit:  Aluminum  Crystal 

Condition 

Temperature 

■'c  do-*"*- 

dynel/cm,2: 

Elastic  Limit, 
1  (10°  dynes/cm. ‘ 

As  Received 

21.8 

1.72 

6.7 

-196 

2.68 

9.0 

Annealed  at  200®C. 

22.5 

2.02 

5.9 

-196 

2.82 

6.8 
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TABLEJLIV.  Torsion  Modulus  and  Elastic  Limit;  Brass  Crystal 


Condition 

Temperature 
•C.  (10 

n  2 

dvnes/cm.  ) 

Critical  Stress 
(10®  dvnes/cra.2) 

Annealed  at  500^  C* 

25.4 

4.11 

3.8 

-196 

4.63 

9.9 

Heated  at  500^  C.  and 
Quenched 

-196 

4.22 

7.7 

Annealed  at  500^  C.  and 
Quenched  from  450°  C, 

22.0 

3.87 

5.2 

-196 

3.94 

8.4 

Annealed  at  500^  C.  and 
Quenched  from  400°  C. 

22.8 

3.98 

6.1 

-196 

4.12 

9.6 

Heated  at  575^  C*  and 
Quenched 

22.4 

4.02 

5.0 

-196 

4.06 

7.5 

TABLE  LV>  Torsion  Modulus  and  Elastic  Limit ;  Copper  Crystal 


Condition 

Temperature 

•c. 

11  ^ 

(10  dynes/cm 

2  Critical  Stress 
.  )  (10  dynes/cm.  ) 

0 

Annealed  at  195  C. 

23.8 

3.21 

3.4 

-196 

3.40 

3.6 

Annealed  at  500^  C, 

22.6 

3.40 

2.6 

-196 

3.37 

3.2 
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TABLE  LVI. 

Torsion  Modulus  and  Elastic  Limit:  Ma^esium  Crystal 

Condition 

Temperature 

"C 

(10^^ 

n  2 

dvnes/cm.  ) 

Critical  Stress 
(10®  dynes/cm.'^) 

As  Received 

24.0 

1.29 

1.2 

-196 

1.50 

1.5 

Annealed  at 

200°  C. 

25.5 

1.59 

0.96 

-196 

1.64 

1.1 

TABLE  LVII. 

Torsion 

Modulus  and  Elastic 

Limit:  '  Aluminum  Crystal 

Condition 

Temperature 

•c 

2 

(lO*^**-  dynes /cm* 

Critical  Stress 
)  (10  dvnes/cm*^' 

As  Received 

22.6 

2.22 

1.0 

-196 

2.33 

1.0 

Annealed  at 

200°  C. 

23.4 

2.31 

0.57 

2.63  0.57 


-196 


X  L « -L  X 


■ ”'1^ 


i:^f.v:4;^r?i:vH  M 


Effect  of  Heat  Treatment  and  Low  Temperature  on  Young’s  Modulus  (Y)  and  Elastic  Limit 
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V  i)IdCUSdI0N  OF  Hfi^ULTo 

The  results  obtained  in  the  experiment  give  us  a  concept 
of  the  effect  of  heat  treatment  and  low  temperature  upon  the  elas¬ 
tic  moduli  and  elastic  limits  of  the  single  crystals  investigated. 
The  Young's  modulus  and  torsion  modulus  values  of  all  the  crys¬ 
tals,  with  the  exception  of  the  torsion  modulus  value  for  zinc, 
were  given  in  spite  of  some  evidence  of  plasticity. 

The  results  with  quenched  beta-brass  show  that  the 
temperature  anomaly  of  the  Young's  modulus  exists  at  lower 
temperatures  when  the  crystal  possesses  frozen-in  disorder 
as  well  as  when  it  is  in  the  equilibrium  ordered  state. 

This  is  inconsistent  with  Zener's  explanation  of  the  change 
in  sign  of  the  temperature  coefficient  of 
mentioned  in  the  theory. 

I  suggest  that  the  decrease  in  Young's  modulus  with 
decrease  in  temperature  for  the  Uool  and  (liol  directions 
of  the  beta-brass  is  caused  by  an  increased  concentration 
of  flaws  along  with  a  possible  increase  in  disorder. 

Gorsky  (1935)  has  pointed  out  that  a  change  in  the  lattice 
dimensions  by  an  externally  applied  stress  changes  the 
equilibrium  order.  On  account  of  the  long  time  delay 
associated  with  the  establishment  of  equilibrium  at  low 
temperatures,  the  stretched  crystal  is  not  in  the  proper 
equilibrium  state,  so  that  there  may  be  an  increased  con¬ 
centration  of  vacancies  or  flaws,  giving  rise  to  the  ob¬ 
served  anisotropic  effects.  Experience  has  shown  that  the 
disorder  of  the  lattice  and  the  density  of  vacancies  or 
flaws  increases  with  increasing  cold  work.  Although  the 
amount  of  cold  work  is  small  in  taking  a  crystal  through  a 
complete  cycle,  it  would  cause  some  increase  in  the  number 
of  flaws  and  in  the  disorder.  The  atoms  in  the  [lOo)  and 

(no)  directions  are  more  loosely  packed  than  in  the  (111] 


direction.  It  would  therefore  seem  reasonable  to  assume 
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that  the  number  of  generated  flaws  and  the  amount  of  dis¬ 
order  would  be  greater  along  these  directions.  Since  an 
increase  in  the  number  of  vacancies  or  flaws  weakens  the 
crystal  the  decrease  in  the  Young's  modulus  would  be  greater 
along  these  directions.  This  suggestion  does  not  contradict 
Taylor's  theory  of  the  motion  of  dislocations  which  causes 
slip  as  outlined  in  Chapter  II,  since  it  has  been  shown 
by  previous  investigators  that  slip  caused  by  the  motion 
of  dislocations  in  beta-brass  single  crystals  takes  place 
in  the  till)  direction  at  lower  temperatures. 

The  results  also  show  that  the  Young's  modulus  is  much 
lower  when  the  crystal  is  in  the  disordered  state  at  both 
room  and  liquid  nitrogen  temperatures.  This  adds  support 
to  the  suggestion  that  the  decrease  in  the  Young's  modulus 
in  the  [lOO]  and  (llOj  direction  of  beta-brass  with  decrease 
in  temperature  is  due  to  the  fact  that  the  stretched  crystal 
is  farther  from  its  equilibrium  state  of  order  at  lower 
temperatures.  Although  the  beta-brass  crystal  was  not 
stretched  to  the  elastic  limit  at  liquid  nitrogen  temperature, 
a  fairly  large  hysteresis  effect  was  observed.  This  would 
indicate  an  increase  in  the  number  of  flaws  since  it  has  been 
shown  by  Webb  (1939)  that  if  the  elastic  limit  is  not  exceeded 
at  room  temperature  for  beta-brass  single  crystals  the  stress- 
strain  relation  is  linear  with  no  permanent  set  or  hysteresis. 

The  Young's  modulus  temperature  anomaly  which  occurs 
in  beta-brass  also  appeared,  but  to  a  smaller  degree,  in  both 
the  Young's  and  torsion  moduli  of  the  copper  crystal  after  it 
was  annealed  at  500^  C.  The  only  reason  that  I  can  suggest 
for  such  behaviour  is  that  vacancies  or  flav;s  were  generated 
more  easily  by  decrease  in  temperature  while  under  stress 
after  the  crystal  was  annealed,  as  it  was  observed  that  the 
crystal  became  much  less  pliable  after  the  annealing  process. 
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The  Young's  modulus  for  the  beta-brass  was  much  smaller  and 
increased  with  decrease  in  temperature  after  heating  the  crystal 
to  500^  C  and  quenching  it  from  450°  C.  It  is  difficult  to  explain 
this  observation.  Since  the  crystal  was  quenched  from  a  temperature 
in  the  vicinity  of  the  transition  temperature  it  is  possible  that 
the  final  state  was  a  mixed  crystal,  consisting  partly  of  ordered 
regions,  which  would  perhaps  cause  the  above-mentioned  effect. 

The  elastic  limit  point  for  elongation  of  the  beta-brass  crystal 
was  not  reached  at  liquid  nitrogen  temperature  because  of  the  danger 
of  fracturing  the  crystal.  However,  it  was  clearly  shown  that  the 
elastic  limit  at  liquid  nitrogen  temperature  was  much  higher  than 
at  room  temperature.  In  fact,  the  effect  of  low  temperature  on  the 
elastic  limit  of  beta-brass  was  much  greater  than  the  effect  on  the 
elastic  limit  of  any  of  the  other  crystals. 

The  elastic  limits  of  all  the  crystals  increased  considerably 
at  low  temperatures  with  the  exception  of  the  torsion  elastic  limit 
of  aluminum  which  did  not  show  any  change.  It  is  possible  that  there 
was  an  increase  in  this  elastic  limit  as  well,  but  too  small  to  ob¬ 
serve  with  the  apparatus  employed. 

The  graphs  of  load  versus  distortion  nearly  all  showed  a  hyste¬ 
resis  effect  on  unloading.  A  hysteresis  effect  is  quite  common  in 
most  single  crystals  because  some  plastic  slip  occurs  throughout  the 
crystal  distortion.  The  test  with  steel  (p.  15 j  showed  that  a  small 
difference  between  loading  and  unloading  may  be  due  to  the  mercury 
in  the  glass  tube,  but  this  cannot  account  for  the  comparatively  large 
effect  often  observed.  In  many  cases,  especially  the  trials  at  room 
temperatures,  this  may  have  been  caused  by  exceeding  the  elastic  limit 
to  too  great  a  degree,  and  therefore  cannot  be  attributed  entirely 
to  plastic  slip. 

No  results  were  obtained  for  the  torsion  modulus  of  the  zinc  crystal. 

The  crystal  became  much  weaker  and  very  brittle  after  annealing.  It 

8  2 

broke  under  a  tension  of  1.7  x  10  dynes/cm.  at  liquid  nitrogen  tem¬ 
perature  in  the  process  of  loading  for  the  Young's  modulus  test.  The 
break  was  abrupt  and  along  well  marked  cleavage  planes.  The  behaviour 
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of  single  zinc  crystals  after  annealing  is  therefore  similar 
to  polycrystalline  zinc*  Ewing  (1900)  showed  that  after  poly¬ 
crystalline  zinc  is  exposed  to  200^0  for  half  an  hour,  it 
shows  on  etching  a  large  brilliant  structure,  becomes  weak 
and  brittle,  and  breaks  along  well  marked  cleavage  planes. 

An  attempt  was  made  to  use  the  remaining  portion  of  the  crystal 
in  the  torsion  modulus  part  of  the  experiment,  but  it  was  found 
to  be  very  weak  and  tv/isted  through  large  angles  under  very 
small  applied  torques. 

The  values  obtained  for  the  elastic  moduli  and  the  elastic 
limits  of  the  crystals  in  the  non-annealed  state  are  in  fair 
agreement  with  the  results  of  other  workers  for  the  crystals 
which  have  been  previously  investigated.  The  values  of  the 
elastic  limits  at  room  temperature  are  somewhat  higher  than 
found  by  some  investigators.  Extreme  accuracy  was  not  contem¬ 
plated  in  this  experiment,  as  the  prime  purpose  of  the  work 
was  to  investigate  the  effects  of  various  heat  treatments  and 
low  temperature  upon  the  elastic  properties  of  the  crystals, 
and  not  to  establish  accurate  values  for  the  elastic  moduli 
and  elastic  limits, 

A  further  experiment  similar  to  the  one  performed  using 
a  number  of  crystals  of  one  metal  and  perhaps  more  refined 
equipment  would  appear  worth  while.  This  would  be  especially 
true  for  beta-brass  because  of  the  Young* s  modulus  temperature 
anomaly,  and  for  magnesium  because  it  was  not  definitely  estab¬ 
lished  that  the  sample  used  in  this  experiment  was  a  single 
crystal. 
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APPEIMDIX 


Identification  of  a  Crystal  Axis  from  a  Laue  Photograph 

Consider  an  X-ray  beam  incident  upon  a  crystal  at  0 
with  one  of  the  principal  crystal  planes  inclined  at  an 
angle  0  to  the  beam  (fig.  i,  a).  Reflection  will  give  rise 
to  a  spot  A  on  the  photographic  plate.  Extension  of  the 
plane  OF  to  intersect  the  photographic  plate  at  C  will  give 


(a)  Side  View  (b)  Top  View 

Fig.  i.  Identification  of  a  Crystal  Axis  from  a 
Laue  Photograph 


rise  to  a  line  BCD  (fig.  i,  b)  making  a  right  angle  with  ACP. 
PA  =  d  tan  20  where  d  is  the  distance  from  the  crystal  to  the 
photographic  plate.  CP  can  be  readily  calculated.  If  angle  0 
is  small  CP  =  i  PA. 

If  the  intersections  of  two  principal  planes  with  the 
plane  of  the  photographic  plate  are  plotted,  the  junction 
of  the  two  lines  so  obtained  marks  a  point  on  the  crystal 
axis  (Point  B;  fig.  i,  b).  From  the  measurement  of  the 
position  of  this  point  the  angle  of  tilt  of  the  crystal  axis 
with  the  X-ray  beam  or  axis  of  cylindrical  sample  can  be 
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readily  determined,  as  well  as  the  horizontal  angle 
between  the  plane  of  tilt  and  a  vertical  principal  plane 
of  the  crystal, 

l‘he  X-ray  photograph  of  the  beta-brass  single  crystal 
is  shown  in  fig.  ii.  An  enlarged  plot  of  the  X-ray  photo- 


Fig.  ii.  Laue  photograph  of  Beta-Brass  Single  Crystal 


graph  illustrating  the  angle  of  tilt  of  the  crystal  axis 
with  the  axis  of  the  saunple  and  the  assumed  (100)  plane  of  the 
crystal  is  shown  in  fig.  iii.  The  angle  that  the  crystal 
axis  makes  with  the  axis  of  the  sample  is  obtained  from 
tan^s:  -2  .  xhe  enlarged  plot  was  made  three  times  the  size 
of  the  original  photograph.  The  distance  d  equaled  5.0  cm. 
for  the  beta-brass  X-ray  photograph.  The  distance  Oo  from 
fig.  iii  was  measured  as  1.45  cm..  Therefore  tan0= 

=  0.0967  and  0=5.5°.  The  angle  the  crystal  axis  made 
with  the  assumed  (100)  plane  of  the  crystal  v/as  read  directly 
from  fig.  iii.  It  is  the  angle  between  the  broken  line  OoX 
and  the  line  representing  the  assumed  (100)  plane,  and  equals 
7.0°. 
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Fig,  iii.  Determination  of  Angle  of  Tilt  of  Crystal  Axis 
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